
polypropylene column and the eluant collected. After several column volume 
washes [eg. with 20 mM Hepes buffer pH 7.0], the buffer is switched to 
include 0.3 M GalNAc or Gal, with the result that specifically bound material is 
eluted. Using standard protein quantitation methodology (eg. BCA assay, 
Bradford assay, absorbance at 280nm), the ratio of unbound to specifically 
eluted material is readily estimated. This ratio may be used to determine the 
effect of coupling chemistry on the binding activity of the lectins. 

Summary 

I firmly believe that the specification of US 09/529,130 provides adequate 
written description and enablement details for a person of skill in the art to 
reproduce the invention across the scope of the pending claims (ie. Claims 
63, 65, 66 and 71 as filed in response to the Official Action dated 9 July 
2004). 

I make this solemn declaration conscientiously believing the same to be 
true; 



Signed 

Witnessed 

Dated 






DECLARATION 



ned, Dr Keith Foster, of Health Protection Agency, do solemnly 



and sincerely declare that I am an inventor of US 5,989,545 and US 
6,395,513, which relate to clostridial protease conjugates and to the 
preparation thereof. 

As evidenced by the abridged version of my curriculum vitae (Annex 1), I have 
been actively undertaking research in the technical field of protein chemistry 
for the last 27 years. I am therefore entirely familiar with protein conjugation 
chemistry. 



I also confirm that I am familiar with the prosecution history (to date) of US 
09/529,130. 

The methodology involved in coupling two protein molecules (A and B) 
together is simple, and is achieved through the use of a cross-linking agent 
(also known as a chemical coupling agent). For example, molecules A and B 
are separately contacted with a cross-linking agent, which chemically modifies 
a specific surface group on each of molecules A and B thereby forming 
derivatised molecules A' and B\ The modified surface group on molecule A' is 
capable of covalently bonding with the modified surface group on molecule B\ 
Thus, the coupling reaction is completed by mixing togetherthe two protein 
molecules A' and B\ - 

Chemical coupling agents have been commercially available for many years, 
in particular, well before the priority date (8 October 1997) of the present 
application. Moreover, the use of cross-linking agents has been widespread 
for many years (certainly prior to 8 October 1997). 

Example 1 of US 09/529,130 illustrates the use of one such coupling agent, 
namely SPDP, to chemically couple two protein molecules (a galactose- 




binding lectin, and the LH N of botulinum neurotoxin). The two molecules are 
separately contacted with SPDP, and then mixed together to allow covalent 
conjugation. 

In addition, lines 5-7 on page 8 of WO99/17806 (from which US 09/529,130 is 
derived) confirm that the claimed agent can be produced according to 
W096/33273 - an earlier patent application for which I am a named inventor. 
This confirmation is repeated at lines 16-18 on page 9 of WO99/17806 which 
explicitly states that M [t]hese and other lectins of the sub-class of galactose- 
binding lectins can be used as targeting moieties (TM) for conjugates of the 
type described in W096/33273." 

The conjugates described in the Examples of W096/33273 confirm that 
PDPH/EDAC, or Traut's reagent may be employed as an alternative chemical 
coupling agent to SPDP. Moreover, referring to the specification of 
W096/33273 (see the paragraph that follows the Examples and immediately 
precedes Table 1), it is clear that:- 

"anv other coupling chemistry capable of covalently attaching the TM 
component of the agent to [the] clostridial neurotoxin derived 
component and known to those of skill in the art is covered by the 
scope of this application" [emphasis added]. 

WO99/17806 (from which US 09/529,130 is derived) also describes at page 9, 
lines 28-31, using any coupling chemistry capable of attaching the lectin 
component to the LH N component of the claimed agents: "Thus, in one 
embodiment of the invention a galactose-binding lectin is conjugated, using 
linkages that may include one or more spacer regions, to a derivative of the 
costridial neurotoxins." WO99/17806 also states at page 10, lines 15-19 that 
the "TM, L or LH N and translocation domain components may be separately 




expressed in a recombinant form and subsequently linked, covalently or non- 
covalently, to provide the desired agent." 

Hence, the skilled artisan would recognize that US 09/529,130 generically 
describes covalently linking certain lectins to LH N . Moreover, as further 
described below, the skilled artisan at the time of filing US 09/529,130 was 
familiar with chemical coupling agents and their use for covalently linking 
proteins. Thus, the skilled artisan would also have recognized that the generic 
description of covalent linkages that may include one or more spacer regions 
is a well known class of compounds useful for chemically coupling proteins. 

SPDP was illustrated as the cross-linking agent in Example 1 of US 
09/529,130 simply because it was (and still is) a popular and well-documented 
coupling agent in the technical field of protein conjugation chemistry. Thus, 
SPDP is simply one example of a well known class of compounds that may be 
employed to covalently link together the Targeting Moiety component and the 
clostridial neurotoxin component of the conjugate described in US 
09/529,130. For example, I have managed research groups who have 
employed SMPB, SMCC (succinimidyl 4-(/V-maleimidomethyl) cyclohexan-1- 
carboxylate), and Traut's reagent as alternative chemical coupling agents to 
link together a galactose-binding lectin or an N-acetylgalactosamine-binding 
lectin and LHn. 

Whilst the specification of US 09/529,130 does not provide an exhaustive list 
of chemical coupling agents, I do not consider this places any undue burden 
on a person of skill in the art seeking to reproduce the present invention 
across the scope of the present claims (ie. Claims 63, 65, 66 and 71 as filed 
in response to the Official Action dated 9 July 2004). This is because the use 
of coupling agents for joining together two components of the defined agent is 
(and was prior to October 1997) a matter of routine to a person of skill in the 
art. 
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In more detail, commercially available members of the well known class of 
coupling agents may be used for conjugation purposes to produce an agent of 
the invention described in US09/529,130. By way of example, I refer to the 
following pre-1997 publications:- 



Annex2 - Hermanson, G.T. (1996), Bioconjugate techniques, Academic 
Press; 

Annex 3 - Wong, S.S. (1991), Chemistry of protein conjugation and 
cross-linking, CRC Press; 

Annex 4 - Thorpe et al (1987), Cancer Res, 1987, 47, 5924-31. This 
paper describes the use of SMBT (sodium S-4- 
succinimidyloxycarbonyl-alpha-methyl benzyl thiosulfate) and 
SMPT (4-succinimidyloxycarbonyl-alpha-methyl-alpha(2- 
pyridyldithio)toluene); and 

Annex 5 - Peeters et al (1989), J Immunol Methods. 1989, 120, 133-43. 

This paper describe the use of 4 coupling reagents, MHS 
(succinimidyl 6-(N-maleimido)-n-hexanoate), SMCC 

(succinimidyl 4-(N-maleimidomethyl)-cyclohexane-1- 
carboxylate), MBS (succinimidyl m-maleimidobenzoate), and 
SPDP. 



Whilst it is true that the use of different coupling agents may have different 
effects (ie. improved, neutral, or adverse) on the biological activity of an agent 
according to US 09/529,130, I can confirm that the use of such coupling 
agents is (and was prior to October 1997) a matter of routine to a person of 
skill in the art. Thus, in principle, any member of the well known class of 
chemical coupling agent may be employed to couple a lectin to a polypeptide 
comprising a clostridial protease domain and a clostridial translocation 



domain. Moreover, having selected a particular coupling agent, it is (and was 
prior to October 1 997) a matter of routine to confirm that the resulting agent 
has the requisite biological activity, as explained in more detail below. 

Confirmation of L-chain function after chemical coupling may be tested 
by assaying for protease activity inherent to the L-chain. 

By way of example, any one of the following three routine tests may be 
employed. 

SNAP-25 (or synaptobrevin, or syntaxin) may be challenged with an "agent" to 
be tested, and then analysed by SDS-PAGE peptide separation techniques. 
Subsequent detection of peptides (eg. by silver staining) having molecular 
weights corresponding to the cleaved products of SNAP-25 (or other 
component of the neurosecretory machinery) would confirm the presence of a 
functional L-chain. 

As an alternative, the "agent" may be tested by either in vitro challenge (see 
Examples 4-7 of US 09/529,130) or in vivo challenge in a mouse experiment 
(see Examples 8-9 of US 09/529, 1 30). 

As a further alternative, the "agent" may be tested by assaying for SNAP-25 
(or synaptobrevin, or syntaxin) cleavage products via antibody-specific 
binding (see WO95/33850). In more detail, a specific antibody is employed for 
detecting cleavage of SNAP-25. Since the antibody recognises cleaved 
SNAP-25, but not uncleaved SNAP-25, identification of the cleaved product 
by the antibody confirms the presence of L-chain proteolytic function. By way 
of exemplification, such a method is described in Examples 2 and 3 of 
W096/33273. 




Confirmation of H-chain function after chemical coupling may be tested 
by assaying for translocation activity inherent to the H-chain. 



Suitable methods are, for example, described by Shone et al. (1987) Eur. J. 
Biochem. 167, pp.175-180, and by Blaustein et al. (1987) FEBS 226 (1), 
pp.1 15-120. Copies of these documents are provided as Annex 6 and Annex 
7. 



The Shone et al. method employs artificial liposomes loaded with potassium 
phosphate buffer (pH 7.2) and radiolabeled NAD. Release of K + and NAD 
from the liposomes correlates with a positive result for channel forming activity 
and hence translocation activity. In this regard, K + release from liposomes 
may be measured using an electrode and NAD release calculated by 
measuring the radioactivity in the supernatant (see page 176, column 1, line 
33 - column 2, line 17). 



The Blaustein et al. method employs planar phospholipid bilayer membranes, 
which are used to test for channel forming activity. In more detail, salt 
solutions on either side of the membrane are buffered at a different pH - on 
the cis side, pH 4.7 or 5.5 and on the trans side, pH 7.4. The "agent" to be 
tested is added to the cis side of the membrane and electrical measurements 
are made under voltage clamp conditions, in order to monitor the flow of 
current across the membrane (see paragraph 2.2, pages 116-118). The 
presence of an active translocation function is confirmed by a steady rate of 
channel turn-on (i.e. a positive result for channel formation) -see paragraph 3, 
page 118. 



Confirmation of Targeting Moiety (TM) function after chemical coupling 
may be tested by assaying for galactose-binding function inherent to the 
TM. 
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Suitable methods include:- 

a simple haemagglutination assay [see, for example, Iglesias, J.L. et a/ (1982) 
- Purification and properties of a D-galactose/ N-acetyl-D-galactosamine- 
specific lectin from Erythrina cristagalli. Eur. J. Biochem., 123, pp. 247-252 - 
see Annex 8; and Arango, R. et al (1992) - Expression of Erythrina 
corallodendron lectin in Escherichia co//. Eur. J. Biochem., Apr 15, 205, pp. 
575-581 - see Annex 9]; or 

a simple assay to test for the ability to bind to immobilised sugars (eg. 
galactose) - see Iglesias, J.L. et al (1982) - Purification and properties of a D- 
galactose/ N-acetyl-D-galactosamine-specific lectin from Erythrina cristagalli. 
Eur. J. Biochem., 123, pp. 247-252 

Haemagglutinin assays are well known in the art. In this regard, erythrocytes 
are known (and were so prior to 8 October 1997) to possess surface sugar 
(eg. galactose) residues, and are therefore susceptible to agglutination by 
galactose-binding lectins. Thus, the agglutinating activity of a galactose- 
binding lectin may be confirmed using heparinised human group O, RhO (D)+ 
erythrocytes. In more detail, the erythrocytes are prepared by trypsinisation, 
and 90 min incubation at room temperature. The resulting suspension is then 
challenged with an "agent" to be tested (diluted in PBS) and agglutination 
activity screened visually thereafter. 

Immobilised sugar assays are well known in the art. In this regard, it is (and 
would have been prior to 8 October 1997) routine to test for active galactose- 
binding function. In more detail, a defined quantity of sugar [eg. N-acetyl 
galactosamine (GalNAc), or immobilised galactose (Gal)] is immobilised on to 
a matrix (eg. agarose). A "control" galactose-binding lectin mixture is added to 
the matrix and tumbled gently at room temperature (eg. for 30 minutes). The 
mixture is then transferred from the tumbling vessel to an empty 2.5ml 
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ABSTRACT 

Two new coupling agents were synthesized for making immunotoxins 
containing disulfide bonds with improved stability in vivo: sodium 
succinimidyloxycarbonyl-a-methyl benzyl thiosulfate (SMBT) and 4- 
succinimidyloxycarbonyl-a-methyl-«(2-pyridyldithio)toluene (SMPT) 
Both reagents generate the same hindered disulfide linkage in which a 
methyl group and a benzene ring are attached to the carbon atom adjacent 
to the disulfide bond and protect it from attack by thiolate anions. 

An immunotoxin consisting of monoclonal anti-Thy-1.1 antibody 
(OX7) linked by means of the SMPT reagent to chemically deglycosy- 
lated ricin A-chain had better stability in vivo than an immunotoxin 
prepared with 2-iminothioIane hydrochloride (2IT) which generates an 
unhindered disulfide linkage. About 48 h after i.v. injection into mice, 
one-half of the SMPT-linked immunotoxin present in the blood was in 
intact form and one-half as released free antibody, whereas equivalent 
breakdown of the 2IT-Iinked immunotoxin was seen at about 8 h after 
injection. Consequently, the blood levels of the SMPT-linked immuno- 
toxin remained higher than those of the 2IT-linked immunotoxin despite 
loss of immunotoxin from the blood by other mechanisms. Forty-eight h 
after injection, 10% of the injected dose of the SMPT-linked immuno- 
toxin remained in the bloodstream as compared with only 1.5% of the 
2IT-linked immunotoxin. 

The ability of immunotoxins prepared with the new reagents to inhibit 
protein synthesis by Thy-1.1 -expressing AKR-A/2 lymphoma cells in 
vitro was identical to that of immunotoxins prepared with 2 IT or W- 
succinimidyl-3-<2-pyridyldithio)propionate (SPDP). donogenic assays 
showed that fewer than 0.01% of AKR-A/2 cells survived exposure to 
high concentrations of OX7-abrin A-chain immunotoxins prepared with 
SMBT, 2IT, or SPDP. Twelve clones of cells which had survived 
treatment with the SMBT-linked immunotoxin were isolated. None of 
the clones was selectively resistant to the SMBT-linked immunotoxin 
when retested in cytotoxicity assays. 

In conclusion, immunotoxins prepared with the new coupling agents 
should have improved antitumor activity in vivo because they are longer 
lived and do not break down so readily to release free antibody which 
could compete for the target antigens. 



INTRODUCTION 

Novel antitumor agents called "immunotoxins* have been 
synthesized in several laboratories by covalently linking the A- 
chain of ricin and other toxins to antibodies against tumor- 
associated antigens (reviewed in Refs. 1-5). These reagents bind 
to antigens on the target cell surface, are endocytosed, and the 
A-chain then traverses the membrane, probably of the endocytic 
vesicle, and kills the cell by inactivating its ribosomes. 

Conjugation of the antibody and A-chain is generally accom- 
plished by means of cross-linking agents that introduce a disul- 
fide bond between the two proteins. Immunotoxins prepared 
with nonreducible linkages are consistently less cytotoxic than 
their disulfide-bonded counterparts indicating that reductive 
cleavage of the disulfide bond to release the A-chain in the 
cytosol may be an im portant step in the cytotoxic process (6, 
Received 5/1 1/87; revised 8/21/87; accepted 8/24/87. 
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7). The two disulfide coupling agents used in most laboratories 
are SPDP* (8) and 2IT (9). These agents are simple to use art 
give consistent products that are stable in in vitro systems and 
long-term storage. 

The disulfide bond formed by the SPDP and 2IT reagents 
appears to be unstable in vivo. We have shown that, after 
injection into mice, immunotoxins prepared with these reagents 
break down with a half-life of about 8 h to release free antibody 
This is true of immunotoxins prepared from the A-chains of 
abnn (10), native ricin (1 1) and ricin which has been chemically 
deglycosylated to prevent its clearance by the carbohydrate- 
recognition systems of the liver (11). In other laboratories 
evidence has been found which supports (12-14) or opposes' 
lability (15, 16). In those studies in which lability was not 
observed, the immunotoxins were prepared from native ricin 
A-chain and were cleared from the bloodstream so rapidly that 
the slower event of immunotoxin breakdown may not have been 
evident. 

Breakdown of the linkage in the immunotoxin is a problem 
for two reasons: (a) there is less intact immunotoxin available 
to locate and kill the tumor cells; (b) the released antibody can 
compete with the immunotoxin for the target antigens (17) and, 
being much longer-lived (11), has greater opportunity to bind 
to them. The effectiveness of further injections of immunotoxin 
could therefore be diminished because the tumor cell antigens 
are masked by the released antibody from the first immunotoxin 
injection. 

In the present study we synthesized two new coupling agents, 
SMBT and SMPT. These reagents were then used to prepare 
immunotoxins containing the same hindered disulfide linkage 
in which a methyl group and a benzene ring protect the disulfide 
bond from attack by thiolate anions. Immunotoxins prepared 
with the new reagents have improved in vivo stability and their 
toxicity to target cells is practically identical to that of immu- 
notoxins prepared with SPDP or 2IT. A similar coupling agent, 
SPDB, with greater resistance to reduction was recently de- 
scribed by Worrell et ai. (18). In vivo stability and cytotoxicity 
data for SPDB-linked immunotoxins have not yet been re- 
ported. 

MATERIALS AND METHODS 
Materials 

Seeds of Abrus precatorius were kindly provided by Dr. S. Olsnes 
(Norsk Hydro's Institute for Cancer Research, Oslo, Norway) The 
seeds were of Indian origin. Crushed castor beans (Ricinus communis) 
were a gift from Croda Premier Oils, Ltd., Hull, England. The beans 
were from Central Africa. 

nJnl?- c^o e ; iat !?" S use ^^ : SPDP, ^cdnimidyl.M2-pyridyldithio)-pro- 
to?%M$F 9 2?"" ^^ m l^y^^-^thyl benzyl thicLl- 
SBT J^7«^ 

f*~V^ T. ^ su ~™»»W«y«rbonyl benzyl thiosulfate; 2IT, 2-iminothio- 
££ttf^^A S ^ ^ccmimidyl-H2 pyridyldithio)butyrate; DTT, di- 
thiothreitol; dg ncA, deglycosylated ricin A^rhain; abrA, abrin Anchain; IC*. 
concentration that reduced ['HJleucine incorporation by 50%; Sd£ sodhim 
dodecyl sulfate; OX7, monoclonal antibody directed against Thy- I- RIO mono- 
clonal antibody directed against human glycophorinrCSH, reduced gluulSonf 
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Sa The hybridoma cell line, MRC OX7, secreting a mouse IgGl subclass 
5 antibody to the Thy- 1.1 antigen, was kindly provided by Dr. A. F. 
■ ^jjliams (MRC Cellular Immunology Unit, University of Oxford). 
Details of its derivation have been published by Mason and Williams 
(19). The hybridoma cell line, LICR-LO^jJ-RlO, secreting a mouse 
IgGl subclass antibody to human glycophorin was kindly supplied by 
Dr. P. A. W. Edwards (Ludwig Institute, Sutton, England). 

The Thy- 1.1 -expressing AKR-A lymphoma cell line was obtained 
from Professor I. MacLennan (Department of Experimental Pathology, 
Birmingham University, Birmingham, England). It was recloned to 
remove a mutant subpopulation which was resistant to immunotoxins 
prepared using the SPDP reagent but sensitive to immunotoxins pre- 
pared using the 2IT reagent (10). The recloned line is designated AKR- 
A/2. 

Tissue culture medium RPMI 1640 and fetal calf serum were pur- 
chased from Gibco-Biocult, Ltd. (Paisley, Scotland). Agarose (Sea 
Plaque) was from FMC Corporation (Rockland, ME). Microplates with 
96 flat-bottomed wells and tissue culture plates with 24 flat-bottomed 
wells were purchased from Flow Laboratories (Irvine, Scotland). 

Sodium [ I25 I]iodide QMS 30) and L^S-'HJleucine (TRK 170) were 
obtained from Amersham International (Amersham, England). The 
Iodo-Gen reagent for protein iodination was from Pierce (United King- 
dom) Ltd. (Chester, England). 

Chromatography media were Sephacryl S-200, Sepharose 4B, Seph- 
adex G25 (fine grade), and Blue Sepharose CL-6B from Pharmacia 
Ltd. (Milton Keynes, England). 

SPDP was purchased from Pharmacia, Ltd., and 2 IT from Sigma, 
Ltd. (Poole, England). Thin layer chromatography (Si0 2 ) plates were 
from Merck (Kieselgel 60F). All other reagents were of analytical grade. 

Synthesis of SBT 

Bromotoluic acid (5.29 g; 25 mmol) was suspended in dioxan (10 
ml) and was mixed with a solution of sodium thiosulfate (6.45 g; 26 
mmol) in water (6 ml). The mixture was stirred at 40*C for 3 h during 
which time the solid dissolved and the thiosulfate derivative of toluic 
acid then crystallized out. The crystals (m.p. approximately 255*C with 
decomposition) were washed with cold water and dried under vacuum 
at 45*C to constant weight (3.90 g; 14 mmol; 55%). The solid was 
dissolved in dry dimethylformamide (5 ml) and mixed with a solution 
of JV-hydroxysuccinimide (1.82 g; 16 mmol) and dicyclohexylcarbodi- 
imide (2.97 g; 14 mmol) each in dry dimethylformamide (5 ml). The 
mixture was stirred for 16 h at room temperature and the urea was 
removed by filtration. The solvent was removed from the filtrate by 
rotary evaporation at 40*C using an oil pump and the /V-succinimidyl 
derivative was recrystallized from methanol/CHClj. The yield of the 
white crystals was 3.47 g (66%). The overall yield for the synthesis was 
36%. Melting point determinations showed decomposition at 120*C. 
The analysis 

Requires: C 37.14, H 3.36, N 3.62, S 16.60, Na 5.95 
Found: C 36.63, H 2.78, N 3.33, S 16.27, Na 6.01 

was consistent with the structure shown in Fig. 1 (CijH4NOgS2Na). 



NO-CO-^O^-CH^SSO^NatHgO 



Fig. 1. The SBT reagent (formula weight, 385.4). 
Synthesis of SMBT 

p-Ethylbenzoic acid (5.15 g; 34 mmol) was dissolved in CH 2 C1 2 (45 
ml) and solidTV-bromosuccinimide (6.81 g; 38 mmol) was added fol- 
lowed by ben loylpcroxide (0.08 g; 0134 mmol) in CHjClj (1 ml). The 
mixture was , refluxed 'forr24>h. The white .solid that remained was 
rcdlwolved by the addition ^of further CHjCI 2 (40 ml) to the reaction 
mixture and tht tolutlon wag extracted twice with water to remove 
•ucclnlmtoc, Thf CMrClj solution wm dried with anhydrous sodium 
ftutfat* and iN iOlwral r»mov#d by rotary evaporation under reduced 
p r iiiUf *; T1* **Jw *>IW mkfy#, <*-bromoethyl ben zoic acid, was re- 



crystallized from isopropyl alcohol to give white crystals (m.p. 140*Q 
in good yield (5.62 g; 25 mmol; 72%). A solution of a-bromoethylben- 
zoic acid (0.60 g; 2.6 mmol) in dioxan (6 ml) was mixed with a solution 
of sodium thiosulfate (0.65 g; 2.6 mmol) in water (6 ml). The mixture 
was stirred for 16 h at room temperature and the solvents were removed 
in a vacuum at 40*C. The solid was washed with CHClj and the 
thiosulfate derivative was recrystallized from water. The white crystals 
(shrinkage at 143*C; decomposition at 200*C) were recovered in poor 
yield (0.20 g; 0.72 mmol; 25%). The crystals were thoroughly dried and 
dissolved in dry dimethylformamide. The solution was mixed with 
solutions of dicyclohexylcarbodiimide (0.148 g; 0.72 mmol) and N~ 
hydroxysuccinimide (0.090 g; 0.78 mmol) each in dry dimethylform- 
amide (0.4 ml). The urea that had crystallized out after leaving the 
solution at room temperature for 16 h was removed by filtration. The 
solvent was removed from the filtrate by rotary evaporation at room 
temperature using an oil pump. The oily residue was redissolved in 
methyl ethyl ketone and undissolved solid was removed by filtration. 
The solvent was removed from the filtrate by rotary evaporation under 
reduced pressure and CHC1 3 was added to the residue which precipi- 
tated the product as a white solid that was dried under vacuum (0.17 g; 
0.43 mmol; 72%; m.p. approximately 121*C with decomposition). The 
overall yield for the synthesis was 13%. The analysis 

Requires: C 39.09, H 3.54, N 3.51, S 16.06, Na 5.76 
Found: C 38.88, H 3.68, N 3.46, S 15.69, Na 5.68 

was consistent with the structure shown in Fig. 2 (CnH^NOsSjNa). 



^NCKX5.<^0^>-CH-SSO^N a + -H 2 0 




Fig. 2. The SMBT reagent (formula weight, 399.4). 
Synthesis of SMPT 

p-Ethylbenzoic acid was a-brominated and converted to the thiosul- 
fate derivative as described in the preceding section. The thiosulfate 
(6.0 g; 20 mmol) was hydrolyzed by adding 5 N HC1 (50 ml) and stirring 
at room temperature under nitrogen for 6 h. The reaction mixture was 
then extracted three times with ethyl acetate (50 ml) and dried over 
anhydrous sodium sulfate. The solvent was then removed in a vacuum 
to leave a-thioethylbenzoic acid (3.0 g; 16 mmol; 80%) as a white solid 
which was stored under nitrogen. 

2-Pyridinesulfenylchloride was prepared by bubbling chlorine gas 
through a solution of 2,2-dipyridyldisulfide (2.3 g; 10 mmol) in dry 
dichloromethane (20 ml) for 30 min at room temperature. The solvent 
was then removed by rotary evaporation under reduced pressure and a 
solution of a-thioethylbenzoic acid (1.9 g; 10 mmol) in dry dioxan (10 
ml) was added. The mixture was stirred vigorously overnight at room 
temperature under nitrogen. The yellow solid produced during the 
reaction was then partitioned between 0.05 M sodium phosphate buffer 
and ethyl acetate keeping the pH constant at 7.0. The organic layer 
was removed, dried over anhydrous sodium sulfate, and the solvent 
removed by rotary evaporation under reduced pressure to leave a yellow 
oil. Recrystallization from ethyl acetate/dichloromethane yielded col- 
orless crystals (m.p. 130-132*Q. The analysis 

Requires: C 57.71, H 4.50, N 4.81, S 22.01 
Found: C 57.92, H 4.63, N 4.89, S 21.99 

was consistent with the product being 4-carboxy-a-methyl-a-(2-pyri- 
dyldithio)toluene (CmHjjNOA). " 

To a solution of the 2-pyridyldithio derivative (1.9 g; 6.6 mmol) in 
dry dioxan (10 ml) were added dicyclohexylcarbodiimide (1 .4 g; 6.8 
mmol) and A'-hydroxysuccinirriide (0:79 g; 6.8 mmol) each dissolved in 
dry dioxan (approximately 4 ml). The mixture was stiiTed;:fbr 4 h at 
room temperature, filtered to remove the unw/and the solvent removed 
by rotary evaporation under reduced pressure. Trie pi^iJ^ was purified 
by short col u mn chromatography on Silica Gel H ; Elutioh was effected 
with -a gradient; of CHjClj/ethyl acetate from Ojto 50% (v/y). On 
removal of the solvent, a colorlew oil (0.6 g; 1.5 mmol; 24%) remained. 
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The product was homogeneous when analyzed by thin layer chroma- 
tography (S1O2, ethyl acetate:CH 2 Cl 2 , 1:1) but attempts to crystallize it 
were unsuccessful. The overall yield for the synthesis was 2%. Nuclear 
magnetic resonance and infra-red analyses showed 5H (d, methyl alco- 
hol) 8.36 (1H, m, pyridyl); 7.96 (2H, m, phenyl); 7.73 to 7.53 (5H, m, 
phenyl and pyridyl); 7.06 (1H, m, pyridyl); 4.30 (1H, m, CHCHj); 2.96 
(4H, S, Ar-hydroxysuccinimide ester); and 1.76 (3H, m, CHCH 3 ) 
(CHjCb) 2920, 1770, 1740, and 1605 cm" 1 . These analyses were 
consistent with the structure shown in Fig. 3 (CiaH l6 N 2 04S2). 



d ? CH 3 



Fig. 3. The SMPT reagent (formula weight, 388.5). 
Purification of Abrin A-Chain 

Abrin was extracted from the seeds of A. precatorius by the method 
of Thorpe et aL (20). The toxin was split by reduction into its compo- 
nent chains and the A-chain was purified to homogeneity as described 
previously (21). The purified toxin and the A-chain (abrA) had median 
lethal dose values of 1.4 M g/kg and 12 mg/kg, respectively, when 
administered i.p. to adult BAJLB/c mice. 

Deglycosylation and Purification of Ricin A-Chain 

Ricin was purified from crushed castor beans by the method of 
Cumber et ai. (21). A solution of the toxin (2.5 mg/ml) in 0.2 m sodium 
acetate buffer, pH 3.5, was treated for 1 h at 4X with sodium meta- 
periodate and sodium cyanoborohydride at final concentrations of 10 
and 20 mM respectively, as described by Thorpe et ai. (22). This 
procedure results in the destruction of approximately 50% of the 
mannose and most of the fucose residues present on the A-chain. The 
jV-acetylglucosamine and most of the xylose residues are unaffected 
(23). The deglycosylated ricin A-chain was separated from the B-chain 
and was extensively purified by the method of Fulton et ai. (24). The 
dg.ricA had a median lethal dose value of 15 mg/kg (as compared with 
30 mg/kg for native ricA) when administered i.p. to adult BALB/c 
mice. 

Purification of Antibodies 

The monoclonal antibodies OX7 and R10 were purified from the 
blood and ascitic fluid of hybridoma-bearing BALB/c mice by the 
method of Mason and Williams (19). 

Preparation of Immtmotoxins 

Buffer Solutions. Two buffer solutions were used during the synthesis 
of the immunotoxins: (a) 0.05 M sodium borate, pH 9.0, containing 
1.7% (w/v) Nad ("borate buffer"); (b) 0.01 m Na 2 HPO 4 -0.0018 m 
KH 2 PO4-0.17 m Naa-0.0034 m KC1-0.001 M EDTA, pH 7.5 («phos- 
phate-EDTA buffer"). 

Privatization of Antibody with SMBT. To a solution of antibody (20 
mg) in borate buffer (4 ml) was added SMBT (216 jd; 1 mg/ml) in dry 
dimethylformamide. The final concentrations of SMBT and antibody 
were 0.13 and 0.032 mM, giving a 4-fold M excess of SMBT over 
antibody. The solution was stirred for 1 h at room temperature and a 
solution of DTT (40 jd; 15.4 mg/ml) in borate buffer was added, giving 
a final DTT concentration of 1 mM. The solution was stirred gently for 
a further 1 h at room temperature and a solution of 5,5'-dithio-bis(2- 
nitrobenzoic acid) [EUman's reagent (25)] (40 /tl; 87.2 mg/ml) in 
dimethylformamide was added, giving a final concentration of EUman's 
reagent of 2.2 mM. The mixture was stirred gently for 1 h at room 
temperature and was applied to a column (20 x 1.6 cm) of Sephadex 
G25 (fine) equilibrated in nitrogen-flushed phosphate-EDTA buffer. 
The protein that eluted in the void volume of the column was concen- 
trated to 10 mg/ml in an Amicon ultrafiltration cell fitted with a YM2 
membrane. The average number of activated disulfide groups intro- 
duced into each antibody molecule was determined by reducing a sample 
of derivatized antibody solution with DTT and measuring the absorp- 
tion of the released 3-carboxylato-4-nitrothiophenolate ion which has 
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a molar absorptivity of 1.36 x 10* m' 1 cm"' at 412 nm (25) tk 
number of activated disulfide groups introduced using the above 
ditions ranged between 1 .5 and 1 .8/molecule of antibody ^ 
Derealization of Antibody with SMPT. To a solution of antibodv n n 
mg) in borate buffer (2.67 ml) was added SMPT (267 jd; 0 48 m// I 
in dry dimethylformamide. The final concentrations of SMPT a 
antibody were 0. 1 1 and 0.045 mM, giving a 2.4-fold M excess of SMPr 
over antibody. The dimethylformamide was used at 10% v/v to k 
the SMPT soluble. The solution was stirred for 1 h at room temperatai 
and was applied to a column (30 x 1.6 cm) of Sephadex G25 (fi^ 
equilibrated in nitrogen-flushed phosphate-EDTA buffer. The protein 
that eluted in the void volume of the column was concentrated to 10 
mg/ml in an Amicon ultrafiltration cell fitted with a YM2 membrane 
The average number of a-methyl-«-(2-pyridyldithio)toluoyl groups in 
troduced into each antibody molecule was determined by reducine » 
sample of derivatized antibody solution with DTT and measuring the 
absorption of the released pyridine-2-thione which has a molar absom. 
tivity of 8.08 x 103 cm -. at 343 nm (g)> The number of a 

a(2-pyridyldithio)to!uoyl disulfide groups introduced using the above 
conditions ranged between 1.5 and 2.0/molecule of antibody 

Coupling of SMBT- and SMPT-derivatized Antibodies to A-chain. A 
solution of abrA (10 mg) or dg.ricA (10 mg) in phosphate-EDTA buffer 
(7 ml) was treated for 30 min at room temperature with 50 mM DTT 
and applied to a column (30 x 2.2 cm) of Sephadex G25 equilibrated 
in nitrogen-flushed phosphate-EDTA buffer. The Anchain fraction 
(about 35 ml) that eluted from the column was added directly to the 
concentrated antibody solution (10 mg/ml; 2 ml) in the Amicon ultra- 
filtration cell giving a molar excess of A-chain over antibody of 2 5- 
fold. The mixture was then concentrated to about 10 ml and incubated 
at room temperature for 72 h under nitrogen. The mixture was removed 
from the ultrafiltration cell and treated with 0.2 mM cysteine for 6 h at 
room temperature to inactivate any activated disulfide groups remain- 
ing m the antibody component of the immunotoxin. These conditions 
do not cause splitting of immunotoxin. If this step were omitted, 20 to 
30% of the M r 180,000 immunotoxin interacted with plasma constitu- 
ents in both in vivo and in vitro experiments to form a covalent adduct 
mainly of M t 240,000. It is possible that residual activated disulfide 
groups on the antibody component react with the thiol group of albumin 
(A/ r 67,000) to form the adduct 

Preparation of SPDP- and 2IT-Iinked Immunotoxins. The SPDP and 
2IT coupling agents were used to link abrA or dg.ricA to OX7 antibody. 
Full details of the procedures have been published previously for both 
SPDP (6, 21) and 2IT (10, 26). 

Purification of the Immunotoxins. The products of the conjugation 
reactions above were applied to a column (90 x 2.2 cm) of Sephacryl 
S-200 equilibrated in 0.05 M sodium phosphate buffer, pH 7.5, and 
eluted with the same buffer solution. The fractions of immunotoxin 
that eluted with a molecular weight of approximately 180,000 were 
pooled and fractionated on a Blue Sepharose column to remove free 
antibody and immunotoxin molecules containing more than one mol- 
ecule of A-chain as described previously (27). 

Analysis by polyacrylamide gel electrophoresis in SDS showed that 
the immunotoxins had an apparent molecular weight of 180,000 and 
that they contained one molecule of antibody linked to one molecule 
of A-chain. The concentration of immunotoxin was determined from 
absorbance measurements at 280 nm. IgG-ricA (Af r 180,000) has an 
E°icm at 280 nm of 1.29 assuming values of 1.40 for the antibody and 
0.765 for the A-chain (28). IgG-abrA {M T 180,000) has an at 280 
nm of 1.30 assuming values of 1.40 for the antibody and 0.787 for the 
A-chain (28). 

The immunotoxins have the structures shown in Fig. 4. The antibody 
components of the OX7 immunotoxins fully retained antigen-binding 
activity, as judged by fluorescence-activated cell sorter analyses on 
AKR-A/2 cells treated with antibody or immunotoxin at saturating and 
subsaturating concentrations. The A-chain components fully retained 
their ability to inhibit protein synthesis in reticulocyte lysates (29). 

Rate Constants 

Bovine IgG in borate buffer (5 mg/ml) was treated with SBT, SMBT, 
SPDP, or 2IT to introduce an average of approximately 5 molecules of 
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pig. 4. Linkages formed by the different coupling agents. 

coupling agent per molecule of protein. The derivatized IgG was treated 
with 1 mM DTT for 1 h followed by 2.2 mM Ellman's reagent for 1 h. 
This generated the same activated disulfide-leaving group 3-car- 
boxylato-4-nitrothiophenolate ion) in all the derivatives. The deriva- 
tized IgG preparations were desalted on columns (20 x 1.6 cm) of 
Sephadex G25 equilibrated in 0.025 M sodium phosphate, pH 7.4, 
containing 0.15 M NaCL 

tie IgG derivatives were treated with DTT (0.0 1 to 0.1 mM) or 
glutathione (0.1 to 1 mM) at 25'C and the rate of release of 3- 
carboxylato-4-nitrothiophenolate ion was measured at 412 nm using a 
Shimadzu (Model UV 240) spectrophotometer. DTT or glutathione 
was added at the same time to the reference cell which contained 
un derivatized bovine IgG which had been treated with DTT followed 
by Ellman's reagent in the same way as the IgG derivatives. The second 
order rate constants were calculated from the equation 

2.303 b(a-x) 

where a is the initial molar concentration of activated disulfide groups 
in the derivatized protein solution, b is the initial molar concentration 
of DTT or glutathione, and x is the molar concentration of released 3- 
carboxylato-4-nitrothiophenolate ion at time t s after adding DTT or 
glutathione. 

Toxicity to AKR-A Cells in Tissue Culture 

[ 3 H]Leucine Incorporation Assays. A suspension of AKR-A/2 cells 
was prepared at I0 5 cells/ml in RPMI 1640 medium supplemented 
with 10% (v/v) heat-inactivated fetal calf serum, penicillin (200 units/ 
ml), and streptomycin (100 pg/ml) ("complete medium"). The cells 
were incubated for 24 h at 37 "C with immunotoxins and other test 
materials using the microplate method described previously (29). 
( 3 H]Leucine (1 §iC\) was then added to each culture (200 pi) and the. 
radioactivity that the cells incorporated was measured 24 h later. 

Clonogenic Assays. A suspension of AKR-A/2 cells was prepared at 
2 x 10 s cells/ml in complete medium. The suspension was distributed 
in 50-ml volumes into 300-cm 2 tissue culture flasks and complete 
medium or medium containing immunotoxin (1 ml) was added to give 
a final immunotoxin concentration of 1.3 x 10~* m. The cells were 
incubated for 24 h at 37 X in an atmosphere of 5% C0 2 in humidified 
air. The cells were then washed three times with complete medium. 

Cells which had been incubated in medium alone were suspended at 
120, 240, 360, 480, and 600 cells/ml in complete medium. Cells which 
had been treated with immunotoxin were suspended at a range of 
concentrations between 10 4 and 10 7 cells/ml in complete medium. A 
solution of 0.24% w/v agarose in complete medium at 45*C was 
dispensed in 1-ml volumes into Petri dishes (35-mm diameter) and 
cooled for 1 h at 4*C to solidify the agarose. To aliquots of cell 
suspension (0.5 ml>in sterile tubes at 4*C was added a solution of 
0.24% w/v agarose in complete medium (2.5 ml) at 45*C. The suspen- 
sions were then mixed, transferred in 1-ml volumes to the agar-coated 
Petri dishes, and were cooled for 1 h at 4*C to solidify. the agarose. The 
Petri dishes were then incubated at 37*C for 10 days and the number 
of colonies containing about 100 cells or more was counted using an 
inverted microscope. The percentage of cells . that survived exposure to 
the immunotoxins was calculated by comparing their cloning efficiency 
to that of untreated cells for that particular experiment The cloning 
efficiency of untreated cells ranged from 65 to 76%. 



Stability and Blood Clearance Measurements 

Measurements of the stability and blood clearance rates of the 
immunotoxins were performed as previously described (11). Briefly, 
the purified OX7-SMPT-dg.ricA and OX7-2IT-dg.ricA immunotoxins 
were radioiodinated with l25 I to a specific activity of approximately 10 7 
cpm//ig. Groups of three adult male specific-pathogen-free BALB/c/ 
ICRF mice were given injections Lv. of 10 pg of radioiodinated immu- 
notoxins and samples of blood were drawn from the tail vein at various 
time intervals and transferred to heparin-coated tubes. The radioactivity 
in the blood samples (50 /d) was measured. The samples were centri- 
fuged at 10,000 x g for 2 min and the plasma was removed. The 
radioactivity in 20 ft\ plasma was counted and the samples were stored 
in liquid N 2 . At the end of the experiment, volumes of plasma samples 
containing 8000 cpm each were electrophoresed on 5 to 10% polyac- 
rylamide gels (1 mm thick) containing 1% SDS. 

Autoradiographs of the dried gels were scanned and the area under 
the immunotoxin (M, 180,000) peak and the released antibody (M r 
150,000) peak was divided by the total area under all the peaks to 
determine the proportion of radioactivity in the plasma that corre- 
sponded to intact immunotoxin or released antibody. Calibration ex- 
periments had previously shown that the area under each peak was 
directly proportional to the cpm it contained. Analysis of the immu- 
notoxin by SDS-polyacrylamide gel electrophoresis under reducing 
conditions showed that the specific activity of the released antibody 
was somewhat less (9.1 X 10 6 cpm/^g) than that of the intact immu- 
notoxin (10 x 10 6 cpm//xg). Correction was therefore made for this 
difference when calculating the amount of released antibody in the 
bloodstream. Clearance measurements were expressed as a percentage 
of the injected dose assuming that the mice had a blood volume of 2.18 
ml/25 g body weight (30). 

A two-compartment open pharmacokinetic model was fitted to the 
plasma levels of immunotoxins and released antibody using a comput- 
erized nonlinear least-squares regression analysis (31). A weighting 
function of l/(Y -f tf was applied to all data points (32). These 
analyses yielded the half-lives of the immunotoxins in the a and 0 
phases of clearance. Also, the half-lives of splitting of the immunotoxins 
to free antibody and A-chain were calculated using an extension of the 
same model to be described in a subsequent report. 3 



RESULTS 

Rates of Reduction of IgG Derivatized with Various Coupling 
Agents 

Bovine IgG was reacted with SMBT, SBT, SPDP, or 2IT 
and then treated with DTT followed by Ellman's reagent to 
form antibody derivatives in which the same activated disulfide 
group was present in all. The antibody derivatives differed only 
in the groups through which the activated disulfide group was 
attached to the protein, as in Fig. 4. 

The release of 3-carboxylato-4-nitrothiophenolate ion when 
the antibody derivatives were treated with DTT or glutathione 
followed approximately second order kinetics, although the rate 
constant was greatest during the initial phase of reduction (Fig. 
5). The activated disulfide groups reduced first probably occu- 
pied positions on the protein that were accessible to the reduc- 
ing agents, whereas the more resistant groups were probably 
buried more deeply within the protein. The second order rate 
constants listed in Table 1 have been calculated at the point at 
which 50% of the leaving groups have been released and define 
the relative ease of reduction of the disulfide bonds formed by 
the different reagents. 

The stability of the different linkages depended upon the 
degree of steric hindrance afforded by the groups adjacent to 

»D. C. Blakey, D. N. Slcflleter, R. J. Price, H. Newell, and P. .E. Thorpe, 
Comparison of the pharmacokinetics and hepato toxic effects of saporin and ricin 
A-chain immunotoxins, manuscript in preparation. 
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Rg. 5. Rates of reduction by DTT of IgG derivatized with various coupling 
agents. Bovine IgG was reacted with SMBT, SBT, 2IT, or SPDP and the 
de ™^ ves *ere reduced with DTT and treated with EUman's reagent to form 
a " ti °? dy d€r »vatfves in which the same activated disulfide group was present in 
aH. The derivatives were then treated with 0.03 dim DTT at pH 7.4 and 25 *C 
The rate of release of the 3-carboxyIato-4-nitrothio phenolate group was followed 
spectrometncally at 412 nm. The A.,2 at various times after adding DTT is 
expressed as a percentage of the A412 after complete reduction with 5 mM DTT. 

Table 1 Kate constants for the reduction of IgG derivatized with various coupling 
agents by DTT or glutathione 
Bovine IgG was reacted with the above coupling agents and the derivatives 
Wei U!r U J ed witb DTT and tra*^ wit* 1 an excess of EUman's reagent to form 
antibody derivatives in which the same activated disulfide group was present in 
alL The derivatives were then treated with DTT (0.01 to 0.1 mM) or glutathione 
* S* ? M) at pH 7 4 and 25 " C The ratc of release of the 3-carboxyIato-4- 
nitrotJiiopbenoIate group was measured spectrophotometrically as in Fig. 5 The 
second order rate constants shown below were calculated at the point at which 
m \JL ™ e ft activated disulfide groups had been removed (see "Materials and 
Metnods-). Repeated determinations gave results that did not differ by more than 
1 5% from those shown. 
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Fig. 6. Cytotoxic effects of OX7-SMPT-dg.ricA (O) and OX7-2IT-ds ricA (m 
upon AKR-A/2 lymphoma cells in tissue culture. The cells were incubated for 48 
h with the immunotoxins or with RlO-SMPT-dgjicA (A), dg.ricA <TJ\ or ridn 
.l/?' n tf* 8e ? l m f tri 5 means of triplicate measurements of ( 3 H]leucine incorpo- 
rated by the cells during the final 24-h period of culture expressed as a perc£2£ 
of the incorporation in untreated cultures. Bars, one SD about the mean unless 
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Table 2 Cytotoxic effects of OX7-abrA immunotoxins upon AKR-A/2 
cells in vitro 



Immunotoxin 



Coupling 
agent 



Rate constant (liters- mor'-s" 1 ) 



DTT 



Glutathione 



SMBT 
SBT 
SPDP 
2IT 



OX7-S M BT-abrA 

OX7-SPDP-abrA 

OX7-2IT-abrA 

OX7-abrA cocktail* 

R 1 0-SM BT-abrA 

RIO-SPDP-abrA 

R10-2IT-abrA 



IC„ in pHJleucine 
uptake assays' (m) 



14 

72 
250 
320 



2.6 x 10~ 12 
2.0 x lO" 12 
3.0 x I0- ,J 
3.3 x 10-" 
>3 x lO - * 
>3 x 10~* 
>3 x 10-* 



Clonogenic assays 6 
(% surviving cells) 



2.5 
Not done 
52 
165 



0.0086 ± 0.0003 
0.0049 ± 0.0021 
0.0037 ± 0.0002 
0.0053 ± 0.0003 
90.0 ± 8.5 
73.5 ± 12.0 
74.0 ± 1.4 



the disulfide bond. As shown in Fig. 5 and Table 1, the SMBT 
reagent gave the most stable linkage, probably because the 
disulfide bond was protected by the methyl group and, to a 
lesser extent, by the benzene ring. The next most stable linkage 
was given by SBT which has a benzene ring in the same position 
as in SMBT but which lacks the methyl group. The least stable 
linkages were given by the SPDP and 2IT reagents in which 
the disulfide bond is essentially unprotected. Thus, in summary, 
the ratios of the rate constants for the reduction of the SMBT, 
SBT, SPDP, and 2IT linkages with DTT were 0.04:0.23:0.78: l! 
respectively. The reciprocals of these ratios give the relative 
stability of the SMBT, SBT, SPDP, and 2IT linkages as 
24:4.5:1.3:1, respectively. These differences were even more 
marked when glutathione was used as the reducing agent (see 
Table 1). 

Cytotoxicity to AKR-A/2 Lymphoma Cells 

pH]Leucine Incorporation Assays. OX7-SMPT-dg.ricA had 
identical ability to OX7-2IT-dg.ricA to reduce protein synthesis 
by Thy- 1.1 -expressing AKR-A/2 cells in tissue culture (Fig. 6). 
Both immunotoxins reduced the [ 3 H]leucine incorporated by 
the cells by 50% at a concentration (the IC*,) of 6 x 10" IJ m. 
They were about 10-fold more potent even than ricin which had 
an IC50 of 8 x 10" 12 M. The toxic effects were specific. Uncon- 
jugated OX7 was not toxic at 10~ 7 m and unconjugated dg.ricA 
and the control immunotoxin, R10-SMPT-dg.ricA, were only 
toxic at concentrations in excess of 10"® M. 



* IC30 as determined in experiments such as is shown in Fig. 6 
Immunotoxins were applied to the cells at 1.3 x 10"* m. Results are the 

TunZZ^^6% D ° f tripHCate dCtenninationS - ^ *** efficiency 

x SMBT-linxed immunotoxin at 0.43 

In other experiments, OX7-abrA immunotoxins prepared 
with SMBT, SPDP, and 2IT were found to have very similar 
cytotoxicity to AKR-A/2 cells. Their IC50 values in [ 3 H]leucine 
incorporation assays ranged between 2.0 and 3.0 x 10" 12 M 
(Table 2). Again, their toxic effects were specific. Control 
immunotoxins prepared from the R10 antibody were not toxic 
to AKR-A/2 cells at concentrations as high as 3 x 10~ 8 m, and 
none of the OX7-abrA immunotoxins was toxic to EL4 cells, a 



mouse lymphoma line which lacks Thy- 1.1, at 3 x 10* 
Clonogenic Assays 



M. 
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Clonogenic assays were used to quantify the survival of AKR- 
A/2 cells after treatment with the different OX7-abrA immu- 
notoxins at the saturating concentration of 1.3 x 10'* M. The 
2IT- and SPDP-linked immunotoxins killed all but 0.0037 and 
0.0049% of the cells, respectively, whereas the SMBT-Hnked 
immunotoxin killed all but 0.0086% of the cells (Table 2). This 
difference between the killing obtained with the SMBT-linked 
immunotoxin and that with the other two immunotoxins is 
statistically significant (P < 0.05) but is very small in view of 
the fact that more than 99.99% of the cells were killed with all 
three immunotoxins. A similar significant difference was ob- 
tained when the experiment was repeated. 

Twelve clones of cells which survived exposure to OX7- 
SMBT-abrA were isolated and their sensitivity to the SMBT-, 
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2IT-, and SPDP-linked immunotoxins was tested in [ 3 H]leucine 
incorporation assays. Of 1 1 clones, one clone was fully resistant 
to all 3 immunotoxins, 4 were fully sensitive, and 6 showed 
intermediate sensitivity. None of these v clones showed more 
than a 3-fold difference in their sensitivity to any individual 
immunotoxin indicating that the type of linkage used to form 
the immunotoxin does not usually affect the nature of the 
surviving cells (results not shown). In contrast, the 12th clone 
(S6A2) was 5- to 10-fold more sensitive to the 2IT-linked 
immunotoxin than it was to the other two immunotoxins. The 
IC50 values for this clone were 1 x 10" 9 m with the 2IT-linked 
immunotoxin and 5 x 10~ 9 and 1 x 10 -8 m with the SPDP- 
and SMPT-linked immunotoxins, respectively. Importantly, 
none of the clones studied was resistant only to the SMBT- 
linked immunotoxin suggesting that an inability to split the 
hindered disulfide bond in the SMBT linkage was not a cause 
of mutant cell survival. 

Stability and Clearance Rate of Immunotoxins in Vivo 

Fig. 7 shows autoradiographs of SDS gels of blood samples 
from mice given injections of radioiodinated OX7-SMPT- 
dg.ricA or OX7-2IT-dg.ricA at various earlier time intervals. 
The immunotoxin preparations that were injected contained a 
single major component (Af r 180,000) consisting of one mole- 
cule of antibody and one molecule of A-chain. After injection, 
both immunotoxins broke down to give a long-lived product 
(M T 150,000) corresponding to free antibody. At later time 
points (Fig. 7, lanes 9 and 10) a minor component (M T 210,000) 
was also seen on the gels. Free A-chain (M T 30,000) was not 
seen at any time point probably because it was very rapidly 
cleared (33). 

The rate at which OX7-SMPT-dg.ricA broke down to release 
free antibody in vivo was slower than that of OX7-2IT-dg.ricA. 
Plasma samples contained approximately equal amounts of 
intact immunotoxin and released antibody 48 h after injection 
of OX7-SMPT-dg.ricA (Fig. 7a, lane 8) as compared with after 
about 8 h in recipients of OX7-2IT-dg.ricA (Fig. lb, lane 6). 
The released antibody had a specific activity of 9.1 x 10 6 cpm/ 




. . . ^ /* Ww> stability of OX7-dg.ricA prepared with SMPT. 

Atttoradiotrapteof SDS-poly»cryUmW«{5 to 10%) 9th ofptama samples taken 
J*J p * r »ous tlm« tnurval* from mice which bad been given tv. injections of (a) 
'^]S^n^i^^^yJOX^2it^.tkA^0 and ft, hn*i 7 and //, radiotodi- 
TSS'l^Sf**** OXTiMliMiriOMr 150,000); Jam* J f Iromunotoxin (mainly M, 
\?**W)Uton k^ Mmplet uken 0.15, 2, 4, 8, 

\ f l "l 7 * ■ ■•ney:tela«l6B; respectively; b,Mu*s J 10 JO, p\*sm* samples 
% 1, 24, 4^7Xi •*! U0 h antr injection, respectively. 



Mg which is lower than that of the intact immunotoxin (10 x 
10 6 cpm/Vg) so that the true amount of released antibody is 
slightly higher than appears to be present on the gels. The rate 
of splitting of OX7-2IT-dg.ricA was very similar to that of 
OX7-2IT-abrA and OX7-SPDP-abrA which, as we previously 
reported (10), have the same stability. 

The breakdown products of the immunotoxins were charac- 
terized by absorbing the plasma samples with anti-ricin anti- 
body coupled to Sepharose and rerunning the gels. This pro- 
cedure entirely removed the intact immunotoxin (M r 180,000) 
leaving behind the M T 150,000 component corresponding to 
released antibody and the M r 210,000 component (results not 
shown). Absorption of the plasma samples with Sepharose 
coupled to an antibody of irrelevant specificity removed none 
of the radioiodinated components, confirming that the absorp- 
tion of immunotoxin by antiricin coupled to Sepharose was 
antigen specific The M t 210,000 component therefore lacked 
ricin A-chain and probably arose by displacement of the A- 
chain from the immunotoxin by a serum component with a 
calculated molecular weight of approximately 60,000. One pos- 
sibility is that this serum component is albumin (Af r 67,000) 
which, having a free thiol group, could potentially displace the 
A-chain and remain attached to the antibody. 

In Fig. 8 are shown the amounts of OX7-SMPT-dg.ricA and 
OX7-2IT-dg.ricA remaining in intact (Af r 180,000) form in the 
blood plasma of mice at various times after injection. The 
clearance curves were triphasic, having an initial rapid a-phase 
followed by a slower 0-phase. A computerized analysis of the 
clearance data using an open two-compartment pharmacoki- 
netic model gave a-phase half-lives of 1.2 ± 0.2 (SE) h for 
OX7-SMPT-dg.ricA and 2.3 ± 0.3 h for OX7-2rT-dg.ricA. In 
the 0-phase, the half-lives were 22 ± 1 h for OX7-SMPT- 
dg.ricA and 1 1 ± 1 h for OX7-2IT-dg.ricA. The a- and 0-phase 
half-lives for native OX7 antibody were 6.7 ± 1.2 h and 118 h, 
respectively. Using a computerized analysis to be described 
elsewhere, 3 the OX7-SMPT-dg.ricA was calculated to split up 
to give free antibody with a half-life of 21.8 h as compared with 
6.5 h for OX7-2IT-dgjTcA. 

As a consequence of its better stability, 10% of the injected 
dose of OX7-SMPT-dgjicA remained intact in the blood 
plasma 48 h after injection as compared with 1.5% of OX7- 
2IT-dg.ricA and 35% of native OX7 antibody (Fig. 8). 
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Fig. 8. Blood clearance rates of OX7-SMPT-dgjkA (■), OX7-2IT-dgJTcA 
(□X and OX7 (A). Mice were given Lv. injections of radioiodinated immunotoxins 
and blood samples were removed at various time intervals later. The percentage 
of the injected dose that corresponded to intact {M t 180,000) immunotoxin was 
determined by scanning autoradiographs of SDS gels such as those in Fig. 7. 
Points, geometric mean and SD {bars) of results obtained in three mice. OX7 
derivatized with 2 FT or SMPT followed by reduction and alleviation had identical 
blood clearance rates to native OX7 antibody (results not shown). 



5929 



HINDERED DISULFIDE COUPLING AGENTS 



In contrast with the in vivo results, breakdown of the immu- 
notoxins was not seen when they were incubated at 37*C for 24 
h in 2 ml of mouse plasma or heparinized whole blood. 

DISCUSSION 

In the present study, we synthesized two new coupling agents, 
SMBT and SMPT, for preparing immu no toxins containing 
disulfide bonds with improved stability in vivo. 

The SMBT and SMPT reagents generate the same protected 
disulfide linkage in which a methyl group and a benzene ring 
are attached to the carbon atom adjacent to the disulfide bond. 
However, the SMPT reagent is to be preferred for forming 
immunotoxins for two reasons: (a) it is simpler to use because 
it introduces the activated disulfide group in a single step, 
whereas the SMBT reagent introduces a thiosulfate group 
which has to be reduced and the resultant thiol activated with 
Ellman's reagent; (b) the SMPT coupling procedure does not 
involve exposing the antibody to DTT which potentially could 
cleave interchain disulfide bonds in the antibody and risk light 
chain loss. 

In model experiments with antibody derivatized with differ- 
ent coupling agents, the protected disulfide bond formed by the 
SMBT reagent was found to have 24-fold greater resistance to 
reduction with DTT than the unprotected disulfide bonds 
formed by the SPDP and 2IT reagents. Both the benzene ring 
and the a-methyl group contribute to the greater stability of the 
SMBT linkage. This is indicated by our finding that antibody 
derivatized with a further coupling agent, SBT, which gives a 
linkage having a benzene ring in the same position as in the 
SMBT linkage but which lacks the a-methyl group, was about 
four times more resistant to thiol attack than the SPDP and 
2IT linkages (see Table 1). 

A similar coupling agent, SPDB, was recently synthesized by 
Worrell et al. (18). The SPDB reagent also generates a linkage 
with a methyl group substituted on the carbon atom adjacent 
to the disulfide bond but it has a smaller -CH 2 .CHj- group 
in place of the benzene ring in the SMPT linkage and so may 
have inferior stability. 

A dg.ricA immunotoxin prepared with SMPT broke down 
more slowly in vivo to release free antibody than an immuno- 
toxin containing the unhindered 2IT linkage. Consequently, 
the 0-phase half-life of the SMPT-linked immunotoxin was 
increased to 22 h as compared with 1 1 h for the immunotoxin 
prepared with the unhindered disulfide bond. In the study by 
Worrell et aL (18) increased stability of the SPDB linkage was 
not directly demonstrated but was inferred from the fact that 
the 0-phase half-life of the SPDB-Jinked immunotoxin was 
increased to 14 h as compared with 10 h for an immunotoxin 
prepared with an unhindered linkage. 

The mechanism by which immunotoxins are broken down in 
vivo is unknown. It has been suggested from the finding that 
immunotoxins do not break down significantly when incubated 
in mouse plasma or whole blood in vitro, that the splitting must 
occur within one of the organs or tissues of the animal, possibly 
\the liver (11). However, this is not necessarily true, because 
GSH, the major free plasma thiol, is very rapidly lost from 
plasma in vitro by mechanisms that do not appear to involve 
oxidation by molecular oxygen (34). In vivo, GSH is continually 
being manufactured by the liver and is maintained in plasma at 
a level of about 24 m m. Thus it is possible that the disulfide 
bond in immunotoxins is slowly split by GSH in the blood in 
vivo and that placing hindering groups around the disulfide 
bond protects it from attack. Alternatively, the splitting could 
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be due to the action of a disulfide reductase and the hinderino 
groups frustrate enzymatic attack. 8 
OX7-abrA and OX7-dg.ricA prepared with the SMBT of 
SMPT reagents had identical ability to inhibit [ 3 H]leucine in 
corporation by AKR-A/2 cells to immunotoxins prepared with 
SPDP or 2IT. We have since obtained similar results in other 
in vitro test systems using immunotoxins constructed from 
antibodies with a variety of different specificities. Thus 
strengthening the linkage in the immunotoxin does not weaken 
their cytotoxic activity as measured by gross reductions in 
protein synthesis 24 to 48 h after adding the immunotoxin to 
the cells. 

Clonogenic assays revealed that 0.009% of AKR-A/2 cells 
survived exposure to high concentrations of OX7-SMBT-abrA 
whereas the survival after treatment with OX7-SPDP-abrA and 
OX7-2IT-abrA was 0.005 and 0.004%, respectively This dif 
ference was statistically significant and prompted us to examine 
the immunotoxin sensitivity of 12 clones of cells that had 
survived exposure to the SMBT-linked immunotoxin. None of 
the clones was selectively resistant to the SMBT-linked immu- 
notoxin when retested with the immunotoxins showing that an 
inability to split the hindered disulfide linkage and release the 
A-chain within the cytosol was not a cause of mutant cell 
survival, or, if it were, it was not a stable mutation. 

In conclusion, immunotoxins prepared using the SMBT and 
SMPT reagents should have superior antitumor activity in vivo 
because, being more stable, they have more time to locate and 
kill the tumor cells and they release less free antibody which 
can compete for the target antigens. 
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Peptide-carrier conjugates are widely used to raise antipeptide antibodies. In a model system using 
angiotensin and tetanus toxoid as the peptide and the carrier protein respectively, four cross-linking 
reagents were employed to study their effect on the immunogenicity of the conjugates. Optimization of the 
conjugation method for these heterobifunctional reagents, all succinimidyl active esters, resulted in 
well-defined conjugates of predictable composition. ELISA assays were performed to compare the 
antigenicity and the immunogenicity of the conjugates. The antipeptide antibody titres were of the order of 
2 X 10 4 -2 X 10 5 . The anti-carrier antibody titres were high, in spite of the modification of the protein. 
Three of the four coupling reagents used for conjugation were of the 'maleimide' type: succimmidyl 
6-(7v T -maleimido>n-hexanoate (MHS), sucxanimidyl 4-(7v--maleimidomethyl)-cyclohexane-l-carboxylate 
(SMCQ and succinimidyl m-maleimidobenzoate (MBS). One coupling reagent contained an activated 
disulphide: suctiiiimidyl 3-(2-pyridyldithio)propionate (SPDP). The constrained linkers originating from 
SMCC and MBS induced very high ///ifcer-specific antibody levels. The more flexible non-aromatic linkers 
originating from MHS and SPDP showed almost no reactivity. For this reason and since the thioether 
linkage is more stable than the disulphide bond, we recommend MHS as the crosslinking reagent of choice. 

Keywords: Antipeptide antibody; Conjugation method; Cross-Unking reagent; Linker-specific antibody; Peptide-protein conjugate 
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( iV-maleimido)-n-hexanoate; Mh, 6-maleimidohexanoyl; SM- 
CC, succinimidyl 4(JV-maleimidomethyl)-cyclohexane-l-car- 
boxylate; MBS, succinimidyl m-maleimidobenzoate; SATA, 
succinimidyl S-acetylthioacetate; SPDP, succinimidyl 3-<2- 
pyridyldithio)propionate; NHMe, methylamide; OPfp, penta- 
fluorophenyloxy; TT, tetanus toxoid; DT, diphtheria toxoid; 
Al, (VaI 3 J-angiotensin I. 
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Introduction 

Antipeptide antibodies have become important 
tools in many research fields; they have been used 
to identify new gene products, to analyse the 
functional domains of enzymes, for protein purifi- 
cation, for assaying proteins in immunochemical 
assays and to check the potential efficacy of syn- 
thetic peptide vaccines (for review see Moser et 
al., 1985; Walter, 1986). 

In general, peptides consisting of 10-30 amino 
acid residues do not elicit antibodies following 
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immunization. To induce immunogenicity, 
peptides are coupled to macromolecular carriers, 
usually proteins such as bovine serum albumin 
(BSA), keyhole limpet haemocyanin (KLH) and 
ovalbumin, to synthetic carriers such as multi- 
chain poly(DL-AlaKL-Lys) (Audibert, 1982) and 
polytuftsin (Trudelle, 1987) or they are incorpo- 
rated into liposomes, micelles or immuno-stimu- 
lating complexes known as iscoms (Morein et al., 
1984). In general, bifunctional reagents are re- 
quired to couple peptides to proteins. Since 
peptides and proteins contain several functional 
groups, conjugation using carbodiimides 
(Goodfriend et al., 1964; Davis et al., 1984) or 
homobifuncupnal reagents (e.g., glutardialdehyde 
(Avrameas, 1969; Pfaff et al., 1982) and bis-di- 
azotized benzidine (Walter et al., 1980; Tamura 
and Bauer, 1982)) generates a great number of 
different products (* chaos' coupling). In order to 
obtain the best-defined product heterobifunctional 
cross-linkers should be used in such a way that the 
peptide will be coupled specifically and in a pre- 
dictable fashion to the carrier. Various aspects of 
chemical cross-linkers and the modification of 
proteins have been reviewed by Han et al. (1984) 
and Feeney (1987). 

A useful method for preparing peptide-carrier 
conjugates involves taking advantage of the fast 
micleophilic addition of a thiol group to the dou- 
ble bond of a maleirnide (Martian, 1949). The 
amino groups of the carrier can be modified to an 
adjustable extent with an active ester (e.g., a suc- 
cinimidyl ester) bearing a maleirnide moiety. Sub- 
sequently the maleimido groups are allowed to 
react with peptides bearing a sulphydryl group 
(Fig. l f route A). 

Peptides devoid of sulphydryl groups (i.e., con- 
taining no cysteinyl residues) can also be thiolated 
in a reproducible way by functionalization of one 
particular amino group. Homocysteine thiolactone 
(Lee et al., 1980) and the succinimidyl esters of 
S-acetylthioacetic acid (SATA) (Duncan et al., 
1983) and 3-(2-pyridyldithio)propionic acid (SP- 
DP) (Carlsson et al., 1978) are examples of re- 
agents which have been used for this purpose. 
Since both the peptide and the protein in the 
latter route are unified through acylation of amino 
groups it is evident but nonetheless important to 
note that thiolation and maleylation of carrier and 



peptide can be reversed. A further method of 
controlled conjugation involves the generation of 
S-S (sulphanyl or disulphide) links by the thioly- 
sis of activated disulphides originating from the 
acylation of a protein or a peptide with SPDP 
(Fig. 1, route B). 

We have investigated the effect of several cou- 
pling reagents on the antigenicity and the im- 
munogenicity of the conjugates, taking into 
account the number of conjugated peptide mole- 
cules and also ensuring specific conjugation. The 
model peptide used was the decapeptide [Val 5 ]- 
angiotensine I and the carrier was tetanus toxoid. 
Three maleirnide derivatives have been used to 
modify the carrier protein: succinimidyl m-malei- 
midobenzoate (MBS) (Kitagawa and Aikawa, 
1976); sucxnnimidyl 4-(2V"-maleimidomemyl)-cyc/t>- 
hexane-1 -carboxylase (SMCC) (Yoshitake et al., 
1979); succinimidyl 6-(^maleimido>/i-hexanoate 
(MHS) (Keller and Rudinger, 1975; cf. Wunsch et 
al., 1985). For comparison a disulphide linked 
conjugate was synthesized using SPDP to modify 
the carrier. 



Materials and methods 

Angiotensin and ornithine derivatives 

[Val 5 ]- angiotensin I (Al) was available from 
our organic chemistry laboratory. The decapeptide 
was acylated with Fmoc-Orn(Boc)-OPfp, depro- 
tected by /J-elimination of the Fmoc group using a 
base and further functionalized with an 
acetylthioacetyl group to give Ata-Orn-AI or with 
the maleirnide derivative MHS resulting in Mh- 
Orn-AI. The mono-hydrochlorides of Ata-Orn- 
NHMe and Mh-Orn-NHMe were prepared fol- 
lowing standard procedures. 

Bifunctional reagents 

Succinimidyl m-maleimidobenzoate (MBS) was 
obtained from Pierce (Rockford, U.S.A.). Suc- 
cinimidyl 6-(iV-maleimido)-n-hexanoate (MHS) 
was a gift from Boehringer (Mannheim, F.R.G.). 
Succinimidyl 4-(Jv*-maleimidomethyl)-cvc/£>Thex- 
ane-l-carboxylate (SMCC) was synthesized with 
modifications according to the methods of Yoshi- 
take et al. (1979) and Wunsch et al. (1985). Suc- 
cinimidyl 5-acetylthioacetate (SATA) was synthe- 
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sized according to Duncan et al. (1983). Suc- 
cinimidyl 3-(2-pyridyldithio)propionate (SPDP) 
was obtained from Pierce (U.S.A.). 

Carriers 

Tetanus toxoid (TT) and diphtheria toxoid (DT) 
were obtained from Dr. J. Nagel (RIVM): Tetanus 
toxoid contained 48 equivalent amino groups (per 
150 kDa molecule) available for coupling and for 
diphtheria toxoid this ratio was 9 per 62 kDa. In 
both cases these values were determined by the 
2,4-dinitrophenyl method of Sanger (reviewed by 
Needleman, 1970). 

Conjugation method 

(a) Derivatization of the carrier. The coupling 
method was a modification of the procedures of 
Lee et al. (1980) and of Green et al. (1982): 1 ml 
of carrier solution containing 10 mg/ml of protein 
was equilibrated in phosphate-buffered saline (0.1 
M phosphate, pH 8.0-8.5; 0.9% NaCl) by gel 
filtration on PD-10 Sephadex (Pharmacia, 
Sweden). A bifunctional reagent (MHS, SMCC, 
MBS or SPDP) was added as a 1% solution in 
DMF at a molar ratio corresponding to the desired 
number of peptides to be conjugated, i.e., 1.5 
equivalents of succinimidyl ester per amino group 
to be coupled. Following a reaction period of 5 
min the reaction mixture was subjected to gel* 
filtration using PD-10 Sephadex equilibrated in 
phosphate buffer (0.1 M, pH 6.66, 0.9% NaCl, 5 
mM EDTA). The amount of maleimido groups 
coupled was determined using 5,5'-dithiobis(2- 
nitrobenzoic acid), DTNB, Merck (Sedlack and 
Lindsay, 1968). Prior to this thiol group detection 
the maleimido conjugates were treated with excess 
/?-mercaptoethanol. The amount of SPDP coupled 
was determined by measuring the release of thio- 
pyridone following reduction of the disulphide 
bond (Carlsson et al., 1978) with DTE (1,4-di- 
thioerythritol, Fluka, Switzerland). The activated 
carriers were frozen and stored at — 20 ° C. 

(b) Deprotection of the peptide. Two methods 
were used for deacetylation of Ata-Orn-angioten- 
sin. The in situ method of Duncan et al. (1983) 
with hydroxylamine hydrochloride in a phosphate 
buffer (pH 6.5, 0.1 M). A faster method permit- 
ting the easy isolation of the ^-thioacetylpeptide 



was performed with a hard base as used in the 
* short-high' deprotection method of Msc com- 
pounds (Tesser and Balvert-Geers, 1975; Boon 
and Tesser, 1985). Although this procedure in- 
cludes a neutralization step after about 5 s, it 
cannot be used in conjunction with maleyl groups 
and some disulphides. 

(c) Coupling. Immediately after deprotection 
of the angiotensin derivative the peptide was ad- 
ded to the modified carrier in a 2 : 1 molar ratio. 
The reaction mixture was stirred for 1 h at room 
temperature. For TT modified with SPDP, the 
coupling was monitored by thiopyridone release 
with reaction times up to 24 h. The conjugated 
product was dialysed against PBS (0.01 M phos- 
phate, 0.9% sodium chloride; pH 7.3). 

(d) Analysis of the conjugates. All protein de- 
terminations were performed using the method of 
Peterson (1977). Spectrophotometric measure- 
ments were made with a Cary 118 instrument at 
ambient temperature. Arnino acid analysis was 
used to determine the amount of peptide in the 
conjugate. Peptides were hydrolysed in sealed 
evacuated vials in 5.7 N hydrochloric acid (Merck, 
suprapur, Darmstadt, F.R.G.) at 110 °C for 24 h, 
carriers and conjugates under the same conditions 
for 48 h. Hydrolysates were analysed on a Varian 
LC 5000 analyser. HPLC-gel filtration on a TSK- 
4000 column (eluent 0.01 M phosphate; 0.1 M 
sodium chloride; pH 6.8; flow rate 1 ml/min) was 
used to analyse the peptide conjugates bearing 
different amounts of peptide. The antigenicity of 
the conjugates was tested in an ELISA. An angio- 
tensin-TT conjugate coupled with glutardialdc- 
hyde (supplied by Vishna Kanhai, RIVM, Biltho- 
ven) was used as a reference. 

Enzyme-linked immunosorbent assay (ELISA) 

ELISAs were performed in PVC microti ire 
plates (Flow Laboratories, Scotland). PBS with 
0.01% Tween 20 (PBST) was used as the washing 
buffer and PBST containing 0.5% bovine scrum 
albumin was used as the diluent for the samples 
and the antisera. The substrate was prepared by 
adding 1.67 ml of a solution of 3,3\5,5'-tetramcih- 
ylbenzidine (Pierce, U.S.A.) in dimethylsulph oxide 
to 100 ml citrate buffer pH 5.5. Just before use 10 
/xl of 30% (w/v) hydrogen peroxide was added. 
The antigenic activity of the conjugates was tested 
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^ an ELISA. Microtitre plates were coated with 
- \00 ftl anti-TT sheep antiserum (SATS) per well. 
!; plowing overnight incubation at room tempera- 
ture, the plates were washed twice. Subsequently, 
100 /il of a solution containing conjugate or TT 
were added and the plates were incubated at 37 ° C 
for 90 min. After washing as before rabbit anti- 
angiotensin antiserum (Calbiochem-Behring, La 
Jolla, U.S .A.) or a blank serum was added and the 
plates incubated for 90 min at 37 °C before a 
further wash stage. Finally, the plates were in- 
cubated with peroxidase-labelled sheep anti-rabbit 
IgG or with enzyme-conjugated sheep anti-TT 
serum (100 /xl, 1 h, 37° C) and washed three times. 
100 /il of substrate were added and the reaction 
stopped by the addition of 2 M sulphuric acid 
(100 /il). The optical density at 450 nm was mea- 



TABLEI 

ACTIVATION OF THE LYSYL GROUPS IN TETANUS 
TOXOID 



TABLE II 

DETERMINATION OF THE PEPTIDE/ CARRIER RATIO 
OF CONJUGATES 



Coupling 


PH 


Time 


Ratio 


Coupling 


Yield * 


reagent 




(min) 


linker/ 

lysyl 

added 


ratio 


(%) 


MHS 


6.7 


60 


3.6 


0.35 


10 




6.7 


60 


1.8 


0.22 


12 




6.7 


60 


0.9 


0.13 


14 




6.7 


60 


0.45 


0.06 


14 




6.7 


60 


0O3 


_ b 






8.0 


10 


0.63 


0.35 


56 




8.5 


5 


0.94 


0.50 


53 




8.5 


5 


0.94 


0.48 


51 




8.5 


5 


0.52 


0.38 


72 




8.5 


5 


0.38 


0.27 


71 


MBS 


8.0 


10 


0.63 


0.35 


56 


SMCC 


8.0 


10 


0.63 


0.29 


46 




8.5 


5 


0.20 


0.14 


68 


SPDP 


8.0 


10 


0.63 


031 


49 




8.5 


5 


0.5 


0.39 


77 




8.5 


5 


0.5 


0.34 


69 




8.5 


5 


0.5 


0.36 


73 




8.5 


5 


0 


0 


0 




8.5 


5 


0.11 


0.07 


61 




8.5 


5 


0.33 


0.24 


71 




8.5 


15 


0.33 


0O6 


78 




8.5 


5 


0.90 


0.62 


69 



Conjugate 
code 


SPDP 
added a 


SPDP 
calc. b 


SPDP 
detenn. c 


Amino acid 
Mean d Orn c 




BC1 


24.0 


16.8 


18.5 


19.1 


21.0 




BC2 


18.0 


12.6 


10.7 


8.5 


9.0 




BC3 


9.0 


6.3 


5.9 


4.2 


6.3 




BC4 


4.5 


3.2 


4.2 


4.0 


4.7 




BC5 


3.4 


2.4 


2.5 


4.2 


4.2 





" Yield: amount of reagent coupled compared to the amount 
added. 

b Not determined, value below detection limit. 



a Equivalents of SPDP added are corrected values, based on 
the succinimidyl contents. 

b Calculated number of SPDP coupled, assuming the coupling 
efficiency was 70%. 

c Number of SPDP coupled, determined by thiopyridone re- 
lease following reduction with DTE. 

d Amount of peptide coupled, determined by amino acid 
analysis, taking the mean of the difference between TT and 
conjugate (Briand et at, 1985). 

6 Amount of peptide coupled, determined by amino acid anal- 
ysis, with reference to the ornithine content of the introduced 
peptide. 

sured in a Titertek-Multiskan spectrophotometer 
(Flow Laboratories, Scotland). 

Immunization 

6-week-old NIH male mice were immunized 
intraperitoneally with 10 fig of the conjugate, 
emulsified in complete Freund's adjuvant. After 6 
weeks the mice were boosted with antigen in in- 
complete Freund's adjuvant and then bled 2 weeks 
later. 

Immunogenicity ^ 

The antibody responses to angiotensin, spacer 
and carrier were determined using the ELISA. For 
angiotensin antibody responses, microtitre plates 
were precoated with 0.1% glutardialdehyde in PBS 
(pH 7.2, 150 /tl/well) for 2 h at room temperature 
and washed twice. Angiotensin, its derivative, the 
diphtheria conjugates (see Table III) and TT were 
incubated overnight at room temperature (1 
jig/ well). The antigen solution was discarded and 
the plates were saturated with BSA (1% in PBST) 
for 1 h at room temperature. The plates were 
incubated with serial dilutions of antiserum. The 
assay was completed as described previously, using 
peroxidase-labelled sheep anti-mouse IgG con- 
jugate at a 1/500 dilution. 
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Results 

Activation of the carrier 

The reaction efficiencies of the succinimidyl 
esters MHS, SMCC, MBS and SPDP with the 
available lysyl side chains in tetanus toxoid were 
tested by the addition of different amounts of the 
reagents. At pH 6.7 and using a 1 h reaction time 
the coupling efficiency (the fraction of the reagent 
molecules reacting) amounted to just 10%. Increas- 
ing the pH and lowering the reaction time per- 
mitted activation of a carrier in a predictable 
manner, i.e., at pH 8.5 the reactive groups were 
introduced with an efficiency of about 70 ± 4% 
within 5 min (c.f. Table I). 

Loading density versus antigenicity and immunogen- 
icity 

In a prelirninary experiment tetanus toxoid was 
thiolated with different amounts of SPDP, i.e., 0, 
16, 32 and 48 mol/molTT and subsequently con- 
jugated with Mh-Orn-angiotensin. During dialysis 
of the conjugates a precipitate was formed. 
HPLC-gel filtration of the soluble fraction con- 
firmed that a higher peptide density leads to less 
soluble conjugates (Fig. 2). Conjugate I (Fig. 2A) 
modified with coupling reagent but containing no 
peptide showed no changes in molecular size in 
the main component compared to unmodified 



tetanus toxoid (Fig. IE). From Fig. IB it could 
be concluded that conjugate II, bearing 16 m 0 l 
peptide/mol TT, contained components with 
molecular weights which differed from both mod- 
ified (Fig. 2 A) and unmodified (Fig. 2E) tetanus 
toxoid. The heterogeneity in the molecular weight 
of the tetanus toxoid, was probably related to the 
formaldehyde treatment used during toxoid pre- 
paration (Bizzini et al., 1970). A reference con- 
jugate, i.e., tetanus toxoid and angiotensin cou- 
pled with glutardialdehyde, showed a similar (al- 
though less pronounced) elution profile (Fig. 2F). 
The dialysates III and IV with loading densities of 
32 and 48 contained (almost) no soluble conjugate 
fraction. The peaks emerging with retention times 
of 27-28 min arose from the modification of 
tetanus toxoid by the coupling reagent (see Figs. 
2A and 2E\ The exact composition of these 
components was not clear although the elution 
profiles measured at 280 run suggested an aromatic 
component (results not shown). 

Testing the antigenicity of the conjugates in an 
ELISA using the indirect coating procedure, we 
found that the response diminished in spite of the 
increasing amount of incorporated angiotensin 
(Fig. 3). This phenomenon is probably an effect of 
the ELISA protocol: the indirect coating of the 
conjugate is less efficient with higher loading den- 
sities. 



TABLE III 

SPECIFICATION OF THE LINKER CONJUGATES USED FOR IMMUNIZATION AND DETECTION IN ELISA 

Conjugate Hapten Linker Carrier Pepude/carrier ratio 

code 

• Reagent" Orn b AA C 



CI 


Ata-Orn-NHMe 


MHS 


TT 


17 


17 


C2 


Ata-Orn-NHMe 


SMCC 


TT 


14 


20 


C3 


Ata-Orn-NHMe 


MBS 


TT 


17 


12 


C4 


Ata-Orn-NHMe 


SPDP 


TT 


15 


19 


C5 


Ata-Orn-AI 


MHS 


TT 


16 


19 


C6 


Ata-Orn-AI 


SMCC 


TT 


13 


16 


C7 


Ata-Orn-AI 


MBS 


TT 


17 


16 


C8 


Ata-Orn-AI 


SPDP 


TT 


13 


13 


C9 


Ata-Orn-NHMe 


MHS 


DT 


7 


6 


C10 


Ata-Orn-NHMe 


SMCC 


DT 


3 


5 


Cll 


Ata-Orn-NHMe 


MBS 


DT 


7 


4 


C12 


Ata-Orn-NHMe 


SPDP 


DT 


5 


8 



a Amount of peptide coupled detennined by measurement of the incorporation of the functional group. 

b Amount of peptide coupled determined by amino acid analysis, based on the number of omithyl residues. 

c Amount of peptide coupled determined by amino acid analysis according to the method of Briand et al. (1985). 
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with the titre of the conjugate with the highest 
density (48 mol peptide/mol TT): 2.4 in log units. 

Specificity and cross-reactivity 

Four linkers were compared for their effect on 
the irnmunogenicity of the conjugate, namely three 
maleimide derivatives and one activated di- 
sulphide. The reagents differ through the nature of 
the links exerted (Fig. 1). It is supposed that there 
would be a negligible contribution to the diversity 
of the antibodies from the small structural dif- 
ference in the link between peptide and carrier 
arising from the reversal of maleylation and thio- 
lation of peptide and carrier. 

The effect of the spacer on the irnmunogenicity 
of the resulting conjugate was investigated in an 
ELISA by coating the microtitre plates with con- 
jugates consisting of an unrelated carrier protein 
(i.e., diphtheria toxoid), and a 'false' peptide 
(ornithine methylamide, Orn-NHMe). Ornithine 
methylamide was functionalized with SATA to 
give Ata-Orn-NHMe. Immunization was per- 
formed with Ata-Om-angiotensin coupled to 
tetanus toxoid, and with the corresponding con- 
jugate of Ata-Orn-NHMe (Table III). In Table IV 
the irnmunogenicity of the conjugates is il- 
lustrated. All four angiotensin conjugates elicited 
antibodies against the peptide and the peptide 
derivative to a large extent. Anti-tetanus toxoid 

TABLE IV 

TITRES REPRESENTING IMMUNOGENICITY OF ANGIOTENSIN-TETANUS TOXOID CONJUGATES COMPARED TO 
METHYLAMIDE-TETANUS TOXOID CONJUGATES 

Titre was defined as the reciprocal of the dilution of antiserum which resulted in 50% of maximal absorption. The composition of the 
conjugates is specified in Table HI. 



Immunogen 


Anti-X X = 














Tetanus 
Toxoid 
conjugates 
(linker) 


Peptide derivatives 


Diphtheria conjugates (linker) 






Carrier 


AI 


AtaOrnAI 


C9 

(MHS) 


C10 

(SMCQ 


Cll 
(MBS) 


C12 
(SPDP) 


TT 


Cl(MHS) 


550 


1000 


>10 3 


>10 5 


>10? 


>10 5 


>10 6 


C2 (SMCQ 


850 


1000 


>10 3 


>10 5 


>10 5 


>10 5 


>10 6 


C3 (MBS) 


750 


900 


40000 


36000 


>10 5 


55000 


>10 6 


C4 (SPDP) 


630 


670 


270 


320 


320 


700 


>10 6 


C5(MHS) 


140000 


160000 


3400 


280 


210 


225 


>10 6 


C6 (SMCQ 


96000 


100000 


9700 


54000 


1800 


245 


>10 6 


C7(MBS) 


155000 


200000 


550 


660 


>10 5 


260 


>10 6 


C8 (SPDP) 


16500 


40000 


150 


180 


320 


370 


>10 6 
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MOLES PEPTIDE 
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Fig. 4. The irnmunogenicity of angiotensin- IT conjugates with 
various loading densities. ELISA titres from two experiments 
are shown, one in the * non-soluble* conjugate range 

(o o), the other in the 'soluble' conjugate range 

(■ ■) (see text). Titre is expressed as the reciprocal of 

the antiserum dilution which resulted in 50% of maximal 
absorption. Blood samples were taken 56 days after the first 
immunization. A pool of sera from eight mice were examined 
for each conjugate. Titres were determined in duplicate. 

Taking the non-loaded conjugate as a reference, 
the irnmunogenicity of the conjugates, as mea- 
sured by antipeptide antibody production, de- 
creased with increasing antigen density (Fig. 4). 
This was shown to be due to decreasing solubility 
in an experiment in which loading ratios in the 
4 soluble conjugate' range (comprising 2.5, 4, 6, 11 
and 19 peptide units per 150 kDa of carrier (Table 
II)) gave rise to high antibody titres (Fig. 4). The 
titre of the glutardialdehyde conjugate (see 
materials and methods section) was comparable 
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uties were high (> 10 6 ) despite modification of 
the tetanus toxoid carrier. In the case of all con- 
jugates except the SPDP-derived C4 and C8 con- 
jugates there was a high antibody response to the 
homologous linker conjugate. However, cross-re- 
actions occurred, especially with the anti-blank 
conjugate antibodies elicited by CI (MHS), C2 
(SMCQ and C3 (MBS). The anti-angiotensin con- 
jugate antibodies showed cross-reactions to a much 
lesser extent and there were few cross-reacting 
antibodies elicited by C5 (MHS) and C8 (SPDP). 



Discussion 

Reaction conditions 

Lee et al. (1980) reported that MHS reacted 
with TT with a high efficiency until 15 maleimido 
groups per 10 5 Da had been introduced. The 
reaction ran at pH 6.7 and required 60 min but for 
higher densities an excess of MHS had to be 
added. In order to increase the reaction rate, the 
pH of the reaction mixture should be increased: 
Boon (1985) found that the reaction of 2-(methyl- 
sulphonyl)ethyl succinimidyl carbonate (Msc- 
ONSu) with the €-amino groups of the (19) lysyl 
residues in cytochrome c was completed within 5 
min at pH 8.5 and showed that the reaction pro- 
ceeded stoichiometrically. Hydrolysis of the active 
ester was relatively slow (see also Aldwin and 
Nitecki (1987) and Anjaneyulu and Staros (1987)). 
In the present work it has been demonstrated that 
if the reaction is performed at a higher pH, it is 
possible to obtain a high density of maleimido 
groups without the requirement for a large excess 
of MHS. However, the * spontaneous deteriora- 
tion' of the succinimidyl ester moieties in the 
reagents of Fig. 1 should be taken into account 
and their actual activity should be determined 
beforehand. 

The maleimido group of MHS proved to be 
99% stable for at least 15 min at pH 8.5, confirm- 
ing the observation of Wunsch et al. (1985). The 
maleimido group in MBS is less stable and there- 
fore the activation was performed at pH 8.0 with a 
molar ratio of MBS/amino group of 2. Subse- 
quent gel filtration of the reaction mixture should 
be carried out at pH 6.7. Lee et al. (1980) have 
reported that the reaction proceeds in the absence 



of thiol groups with an efficiency of only 10% oyer 
30 min and therefore the possibility of nucleophilic 
addition of amino groups can be discounted. Stor- 
age of the modified carrier at -20°C is recom- 
mended to slow down any functional deterioration 
catalyzed by imidazolyl functions occurring in the 
protein (His). At -20°C the activated carrier is 
stable for at least a few months. At 4° C the thiol 
binding activity decreases with a halftime of about 
1 month. 

Loading density 

The concentration of cross-linking reagent dur- 
ing activation of the carrier determines the loading 
of the carrier only to a minor degree. Thus at a 
given pH the loading density appears only to 
depend on time. This effect is to be expected since 
the pH determines the number of reactive amino 
groups (pKa €-amino group = 10.5); this quantity 
is far outnumbered by the amount of succinimidyl 
ester molecules so the reaction appears to run at a 
given pH with near zero-order kinetics (Table I). 

Determination of carrier load from amino acid 
analysis (cf. Briand et al., 1985) was found to be 
less accurate than from the number of maleimido 
groups introduced per molecule of carrier (cf . Lee 
et al., 1980). The latter method was particularly 
suitable when large peptides were to be coupled to 
a protein-carrier and the amino acid composition 
resembled that of the carrier. The intentional in- 
troduction of a diagnostic amino acyl group (Orn 
and Nle) was also another efficient method. Car- 
rier modification is a stoichiometric reaction : re- 
duction of the reaction time to 5 min at pH 8.5 
diminishes the efficiency to about 70%. 

Experiments with angiotensin I as a model 
peptide and tetanus toxoid as the carrier protein 
showed that an optimum loading density exists 
which amounts to 10-20 peptides/mol tetanus 
toxoid. This number is somewhat lower than that 
reported by Stevens et al. (1981) (25/10 5 kDa 
tetanus toxoid) but the curve is truncated by the 
insolubility of the higher substituted carrier mole- 
cules (in our case at a molar ratio of 32 and 
higher). Stevens et al. apparently had no solubility 
problems. Masking of detenninants could be an 
explanation for decreasing immunogenicity at in- 
creasing densities. If the anti-TT response is mea- 
sured following urea denaturation (to effect solu- 
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bility), the TT-response decreases with increasing 
density, whereas the angiotensin response de- 
creases only slightly. Masking of carrier determi- 
nants could be the explanation of this phenome- 
non but masking of hapten determinants is also 
possible since closely packed angiotensin residues 
would impair recognition by the immune system. 

Specificity and cross-reactivity. 

The effect of several bifunctional reagents on 
the irrimunogenicity of the conjugate was investi- 
gated. MHS, MBS, SMCC and SPDP were used as 
cross-linkers in peptide-protein conjugation with 
angiotensin I as the peptide and tetanus toxoid as 
the carrier protein. The results showed that the 
immunogenicity of a glutardialdehyde conjugate 
was comparable to that of a highly substituted 
sulphur-linked conjugate. Since an excess of 
glutardialdehyde was routinely used, a reference 
conjugate was not included when the low density 
sulphur-linked conjugates were investigated. 

The polyclonal antisera raised against the 
angiotensin conjugates included antibodies which 
reacted specifically with the unmodified decapep- 
tide angiotensin I in an ELISA. There was no 
significant difference in reactivity with an angio- 
tensin coat or with derivatized angiotensin I and 
titres ranged from 2 X 10 4 to 2 X 10 5 . 

The reactivity of the antisera towards tetanus 
toxoid was also very high, of the order of 10 6 , 
irrespective of the coupling of the peptide. This 
suggests that the character of this carrier, chosen 
since it can be used for human immunization, was 
not changed profoundly. 

Four [angiotensin]-linker-[tetanus toxoid] con- 
jugates were used to raise antibodies. The antisera 
also contained antibodies directed against the 
linkers, since they cross-reacted with their ho- 
mologous [ornithine methylamide]-linker-[di- 
phtheria toxoid] conjugates. There were however, 
qualitative differences: (1) the SPDP spacer con- 
taining an aliphatic disulphide, showed almost no 
reactivity; (2) for the MHS linker, which results in 
a flexible aliphatic chain connected through a 
disulphide bridge to a sucxinimide ring, the anti- 
body level was somewhat higher; (3) the rigid 
linkers produced by SMCC and MBS, containing 
an additional cycloaliphatic or aromatic ring, in- 
duced very high antibody titres, within the range 
10 4 -10 5 . 



It has previously been shown that cross-linkers 
such as glutardialdehyde, carbodiimide or reagents 
containing an aromatic moiety elicit antibodies 
directed against the spacer (Palfreyman et aL 
1984; Briand et aL, 1585; Bernatowicz and 
Matsueda, 1985). Aldwin and Nitecki (1987) dem- 
onstrated by Western blot analysis that peptide- 
protein conjugates cross-linked with a water-solu- 
ble active ester of 6-{i^-maleimido) n-hexanoic 
acid did not induce detectable antibody specific 
for the spacer. The spacer originating from MHS 
used in the present study was the same as that 
investigated by Aldwin and Nitecki and our re- 
sults confirm their findings quantitatively. The 
cross-linking agents MHS and SPDP are prefer- 
able to SMCC and MBS in terms of their lower 
potential for immunogenicity, greater flexibility 
and greater stability in aqueous solutions. A 
drawback of SPDP coupling is the resulting di- 
sulphide linkage, which confers a susceptibility to 
reductive cleavage by ubiquitously occurring thiol 
compounds. The thio-ether linkage resulting from 
the application of MHS is very stable (at least for 
6 months at pH 6 at 4°C) (Yoshitake et aL, 1982) 
and we conclude that MHS is the bifunctional 
reagent of choice for coupling peptides to pro- 
teins. 
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A 50-kDa fragment from the NH 2 -terminus of the heavy subunit 

of Clostridium botulinum type A neurotoxin forms channels in lipid vesicles 

Clifford C. SHONE, Peter HAMBLETON and hick MILLING 

J rtS^^ Laboratory, Public Health Laboratory Service Centre for Applied Microbiology and Research, 

(Received April 3, 1987) - bJB 870393 

1. A 50-kDa fragment reprinting the NII 2 -terminus of the heavy subunit of botulinum type A neurotoxin 
was found, at low pH to evoke the release of K + from lipid vesicles loaded with potassium phosphate. Similar 
K release was also » obwrwd with the intact neurotoxin, its heavy chain and a fragment consisting of the light 
subunit linked the 50-kDa NH 2 -tcrminal heavy chain fragment The light subunit akme, however, was inactive 

2. in addition to K , the channels formed in lipid bilayers by botulinum neurotoxin type A or the Non- 
terminal heavy chain fragment were found lo be large enough to permit the release of NAD (L 665) 

3. The optimum pH for the release of K + was found to be 4,5. Above this value K + release rapidly decreased 
and was undetectable above pH 6.0. F 7 

4 The binding of radiolabeled botulinum toxin to a variety of phospholipids was assessed Hit* levels of 
town binding were only observed to lipid vesicles with an overall negative charge; much weaker binding occurred 
to lipid vesicles composed of electrically neutral phospholipids. 

5 A positive correlation between the efficiency of toxin-binding and the efficiency of KL + release from lipid 
vesicles was not observed. Whereas lipid vesicles containing the lipids cardiolipin or dicetyl phosphate bound the 
highest levels of neurotoxin the toxin-evoked release of K* was low compared to vesicles containing either 
phosphatidyl glycerol, phosphatidyl serine or phosphatidyl inositol. 

6. The implications of these observations to the mechanism by which the toxin molecule is translocated into 
the nerve ending arc discussed. 



| The neurotoxin of Clostridium botulinum type A (BoNT/ 

I A) is a 145-kDa protein which acts primarily at the 
neuromuscular junction causing muscular paralysis by in- 
hibiting the release of the neurotransmitter acetylcholine [1 5 2]. 
The toxin is a two-chain molecuJe comprising a light subunit 
(55 kDa) linked by a disulphide bridge lo a heavy subunit 
(95 k Da) [3], The neuroparalytic activity of BoNT/A is 
thought to be accomplished in at least three stages: an initial 

, binding stage, an internalisation stage and then one or more 
steps which disable the acetylcholine release mechanism. 
BoNT/A has been shown to bind specifically to acceptors on 
nit brain synaptosomes with high affinity (K d = 0.6 nM) by 
aa active-site region located on the heavy subunit which is 
Sieved to bind the toxin to the presynaptic surface of 
cholinergic nerve endings prior to internalisation 14, 5J. Little 

1 |s presently known about the mechanism by which the toxin 
|s internalised. The process is energy-requiring and may re- 
semble the process of receptor-mediated endocytosis [5J. The 

Correspondence to C C. Shone, Vaccine Research and Production 
r^tory, PHLS Centre for Applied Microbiology and Research, 
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molecular mechanism by which the toxin inhibits transmitter 
release is still completely unknown. 

Botulinum toxin is structurally similar to both tetanus and 
diphtheria toxins and for both the latter toxins it has been 
demonstrated that an NH 2 -terminal portion of the larger 
subunit induces pore formation in lipid bilayers, a property 
which may be relevant to the transport of an active toxin 
fragment into the cytoplasm [6-8]. Using planar lipid bi- 
layers, similar pore formation by both botulinum type C x 
neurotoxin [9] and the heavy subunit of botulinum type B 
neurotoxin has also been demonstrated [10]. 

In this study, using liposomes of defined phospholipid 
composition, it is shown that BoNT/A is capable of forming 
channels in lipid bilayers at low pll. It is further demonstrated 
that this channd-forming activity is retained by a 50-kDa 
fragment representing the NH 2 -terminal portion of the heavy 
subunit. The properties of the lipid-toxin interaction are ex- 
amined and discussed in relation to a possible mechanism for 
toxin internalisation. 



MATERIALS A ND METHODS 
Materials 

Phosphatidyl glycerol, phosphatidyl ethanoiamine, phos- 
phatidyl serine, phosphatidyl inositol, soybean phosphatidyl 
choline (type IIS), cardiohpin, dicetyl phosphate and 
gramicidin were obtained from the Sigma Chemical Com- 
pany. Phosphatidyl choline (lecithin grade I) and urea (Aristar 
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grade) were supplied by BDH Chemicals Ltd. [carhonyl- 
14 C]NAD and [ 125 I]iodine were obtained from Amcrsham 
International. 

Purification oj Clostridium botulinum type A neurotoxin 
and its tryptic fragments 

C. botulinum type A neurotoxin was purified to a specific 
toxicity of 1 2 x 10 s mouse LD 50 nig"* 1 by affinity chroma- 
tography on /j-aminophenyI-^-L>-thiogaiaetopyranoside as de- 
scribed previously f t 1], The H 2 L fragmenL(see Fig. 1) (specific 
toxicity 6— 12 x id 3 mouse LD 50 mg" 1 ) was purified by a 
modification of a previously described procedure [111. 
Botulinum neurotoxin (40 mg in 15 ml) in 0.15 M Tris/HCl 
buffer, pH 8.0 containing 100 mM NaCl was treated with 
trypsin (50 ug ml ') for 72 96 h at 20 °C, dialysed against 
20 mM triethanolamine butler, pH 7-8 containing 100mM 
NaCl, filtered (0.22 urn pore size) and Ihen ehromatographed 
(fast protein liquid chromatography system, Pharmacia) on a 
Mono Q column (HR 10/10, Pharmacia) equilibrated in the 
latter buffer. The column was washed with a further 100 ml 
of the triethanolamine buffer and then the H 2 L fragment 
eluted with Irielhanolamine buffer (20 mM, pH 7.8) contain- 
ing 200 mM NaCl. The purified fragment (^ 1.5 mg ml" 1 ) 
was made 5 ug ml" 1 with trypsin inhibitor, dialysed against 
0.15 M Tris/HCl buffer, pH 8.0 containing 50 mM Nad and 
stored at — 20 r C. The heavy chain and H 2 fragment of 
botulinum type A neurotoxin were purified from the 
neurotoxin and H 2 L fragment respectively by precipitating 
the light subunit in the presence of 2.5 M urea, 1 M NaCl and 
100 mM dilhiothreitol as described previously [1 1]. The light 
subunit of botulinum type A neurotoxin (< 100 mouse LD 50 
mg" 1 ) was purified from the H 2 L fragment by the method of 
Kozaki et al. [121. 

Preparation of liposomes and K { release studies 

Lipid vesicles, were prepared essentially by the method of 
Enoch and Slriltmatter [13]. Phospholipid mixtures (60 umot 
total lipid) were suspended in 3 ml 0.1 M potassium 
phosphate buffer, pH 7.2 containing 1 mM EDTA and 
1 0 mM sodium deoxyeholate and then briefly sonicated (three 
5-s periods, Dawe Instrument type 7530 A, setting 3) in ice 
under nitrogen gas. Sodium deoxyeholate was removed from 
the liposomes by dialysis three times against 500 ml 0.1 M 
potassium phosphate buffer, pH 7.2 containing 1 mM RDTA 
at 4°C. Soybean phospholipids were first washed with acetone 
prior to liposome preparation [14]. Liposomes made with 
0.1 M potassium acetate buffer pH 4.5 were prepared by the 
freeze-thaw technique of Kasahara and Hinkle [14J. 

Detection of K + release from lipid vesicles was carried 
out essentially as described by BoqueL and Duflot [8]. Lipid 
vesicles (50 uJ) were added to 15 ml of the appropriate buffer 
and slowly stirred. Potassium release was monitored using a 
Philips K + electrode connected via Philips model 9421 pH 
meter to an Oxford Instruments 3000 chart recorder. 



Release of [ lA C]NAD from liposomes 

For studying the release of [ 14 C]NAD, liposomes were 
prepared as above with 3 ml 0-1 M sodium phosphate buffer, 
pH7.2 containing 1 mM EDTA and [ 14 C1NAD (37 kBq 
ml" 1 ) using half the concentration (5 mM) of sodium 
deoxyeholate. The detergent was Ihen removed by gel fihra* 
tion on a column of Sephadex G-50 (25 x 3 cm) equilibrated in 
potassium phosphate buffer pH 7.2 containing 1 mM EDTA. 
Liposomes, eluted in the void volume, were then dialysed 
against 1 I of the latter phosphate buffer. Release of NAD 
was assessed with i.5-ml portions of liposome preparations. 
After diluting to 11.5 ml with 0.1 ivl sodium acetate buffer. 
pH 4.3 (to give a final pH of 4.5) either buffer, toxin of Triton 
X-100 was added and the mixture incubated for 30 nun at 
20X before being centrifuged at 200000 xg for 1 h. Portions 
(1 ml) of the supernatant fluids were removed and their radio- 
activity assessed by scintillation counting. 

Binding of radioiodinated botulinum neurotoxin to liposomes 

Botulinum neurotoxin, radioiodinated using chloramine- 
T [41, was mixed with unlubelled toxin to give a specific activity 
of 1.7 MBq mg ' and further diluted with 0.1 M sodium 
phosphate buffer, pll 7.2 containing 1 mg ml 3 ovalbumin 
to a neurotoxin concentration of 100 ug (0.17 MBq) ml" 1 . 
Liposomes (0.5 ml) prepared as described above were mixed 
with 11 ml 0.1 M sodium acetate buffer, pi I 4.4 and 100 ul of 
die radiolabeled toxin solution, incubated for 30 min at 20' C 
and then centrifuged at 200000 x# for 1 h. The supernatant 
fluid was carefully removed and the excess fluid allowed to 
drain from the liposome pellet by inverting the tubes for 
5 min. The liposomes were resuspended in 1 mi 0.1 M sodium 
phosphate buffer, pH 7.2 and the radioactivity in 100-ul 
portions measured. 



RESULTS 
Release of K+ 

from phosphatidyl choline/phosphatidyl glycerol vesicles 

Addition of 10 tig of the channel-forming polypeptide 
gramicidin to phosphatidyl choline/phosphatidyl glycerol 
(molar ratio, 1 : 1) liposomes (PtdCho/PtdGro vesicles) loaded 
with K 1 caused a rapid (< 30 s) releases of K + at pH 4.0 
(Fig. 2a). No further release of was delected when an 
additional 10 ug gramicidin was added, indicating that all the 
available K 1 had been released. An equivalent quantity of 
K 1 was liberated at pH 7.2 showing that the low pH hud not 
affected the integrity of the vesicles. 

Addition of increasing amounts of the H 2 fragment of 
botulinum type A neurotoxin to PtdCho/PtdGro vesicles 
suspended in buffer at pH 4.0 evoked the release of K* io** 
(Fig. 2b and c). UndeT the experimental conditions, the addi- 
tion of 1 nmol of the H 2 fragment released all of the available 
K ' in less than 1 min; addition of gramicidin at this po^ 1 
caused no further release of K + . Treatment of the vesidf 5 
with a further portion of the H 2 fragment after grarrueidin 
treatment had no effect of the baseline value. At pH 7.2 the 
H 2 fragment was completely ineffective at releasing K + fr° m 
vesicles (Fig. 2d). 

Analogous experiments conducted with the intac 
neurotoxin, heavy chain and H 2 L fragment of BuNf/A 
yielded qualitatively similar results. The results for the iutac 
toxin are shown in Fig.3a~c. At pH 4.0, BoNT/A, the ih^ 
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Fig. 2. Release afK* from PtdCho/PtdGro vesicles by ike H 2 fragment 
of HnNTjA. (a) After addition of vesicles to 0.1 M sodium acetate 
buffer, pH 4.0, gramicidin (G, 10 jd of 1 mg ml ~ ' solution in Cthanol) 
wus added. When maxima] response Lad been obtained, the baseline 
was adjusted to zero and KC1 (K, 10 ul of a 20 mM KCl solution) 
was ydded as a standard, (b, c) After the addition of the fragment 
buffer as a control (B), the H 2 fragment was added to vesicles in 
0.1 M sodium auehile buffer, pH 4.0, at the indicated amounts. At 
maximal response, the baseline was returned to zero and gramicidin 
added us above ((J) followed by baseline adjustment and further 
addition of the same amount of the JI 2 fragment. Finally KCl stan- 
dard was added as in (a), (d) The H 2 fragment was added to vesicles 
in 0.1 M sodium phosphate buffer, pll 7.2; additions of buffer (B), 
gramicidin (CJ) and KCl (K) were as described in (b). The volume of 
the reaction mixture in each case was 15 ml 



fragment and Ihe heavy chain were found to be more efficient 
at releasing K + frura PtdCho/PtdGro vesicles than the H 2 
fragment ; on a molar basis 4— 5-fold less of the heavy chain, 
H 3 L fragment and intact toxin consistently gave the same 
release of K + as the H 2 fragment. At pH 4.5, however, H 2 
fragment was equally as effective at releasing K + from lipid 
vesicles as the intact neurotoxin (see below). As found for the 
H 2 fragment, at pH 7.2 intact toxin (Fig. 3c) heavy subunit 
and H 2 L fragment did not release K + from lipid vesicles. 

The light subunit of BoNT/A was ineffective at releasing 
K H from lipid vesicles at both pH 4.0 (Fig. 3d) and pH 4.5. 
BoNT/A which hud been inactivated with formaldehyde re- 
tained less than 3% of the K* -releasing activity of the native 
neurotoxin. 

Similar results were obtained when crude soybean 
Phospholipid vesicles were substituted for the PtdCho/PldGro 
v «icles. The amount of the neurotoxin and its fragments 
required to release all the K + from soybean lipid vesicles, 
however, had to be increased by 3-5-fold over that required 
f or PtdCho/PtdGro vesicles. 




Fig. 3. Release of K+ from PtdCho/PidGro vesicles by BoNT/A and its 
tight suhunii. (a, b) BoNT/A (TA) was added to vesicles in 0.1 M 
acetate buffer, pH 4.0, at the indicated amounts, (c) BoNT/A was 
added to vesicles hi 0.1 M sodium phosphate buffer, pH 7.2. (d) Light 
subunit (LS) was added to vesicles in acetate buffer pH 4 at the 
indicated amount. Baseline adjustments and additions of the fragment 
huffer control (B), gramicidin (G) and KCl (K) were as described in 
Fig. 2 



too- 




Fig.4. Effect of pH on the release of K + from PtdCho/PtdGro vesicles 
by BoNT/A and its H- £ fragment. Liposomes (50 uJ) were suspended 
in 15 ml 0.1 M sodium citrate/sodium phosphate buffer at each pH 
and 0.2 nmol of either BoNT/A (•) or the H t fragment {A ) added. 
The amount of K ' released was assessed by measuring the response 
80 s after addition of the toxin and expressing this value as a percent- 
age of the response obtained with the gramicidin control at the same 
pH value. Values represent the mean of at least five measurements 
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Tabid- Release of [ iA C]NAD from PidCho\PtdCro vesicles by 
Bo NT f A or its H 2 fragment at pH 4.5 

The amount of NAD released after disruption of the liposomes with 
Triton X-100 was taken as 100% release 



Treatment 
of liposomes 


Total 14 Cin the 
supernatant fluid 


Average 
NAD released 




1 


2 






cpm 




% 


Control 
(no addition) 


6520 


7394 


49.6 


Intact BoNT/A 
(2 mnol total) 


11994 


12914 


RR.7 


H^fragmcnt 
(2 nmol total) 


10764 


11741 


80.2 


Triton X-100 
(1% final concn) 


1332R 


14731 


100 



Tabic 2. Binding of lls I-BuNTjA to, andreleuse of K* from liposomes 
of different phospholipid composition 

For the assessment of Bo NT/A binding each incubation mixture 
(1 1 .5 ml) contained 10 jig neurotoxin (17 kBq) and 1 0 >imol lipid. The 
percentage of K + released by 0.2 nmol BoNT/A from liposomes in 
0.1 M sodium acetate buffer, pH 4.5 was assessed as described in 
Fig. 4 



Phospholipid composition 
of liposomes (molar ratio) 


123 I-BoNT/A 
bound 


K + released 




% total 


% 


PtdCho/PldGro(l:l) 


51 +5.0 


>95 


Soybean 


71 + 4.5 


63 + 16 


PtdCho 


4.0 + 0.6 


<5 


PtdCho/PtdEtn (1:1) 


10.5+4.0 


<5 


PtdCho/Ptdlns (1:1) 


65 +2.4 


>95 


PtdCho/PtdScr(l:l) 


46 +7.0 


>95 


PtdCho/cardiolipm (2:1) 


80.5 + 9.7 


31+6.6 


PtdCho/dicctylphosphatc (2:1) 


90 +4.3 


<5 


Negative control 


3.3 + 1.X 





Effect of pH on the release of K ' from lipid vesicles 

At extra-vesicular pH values between 4.5 and 6.0, the 
extent to which K + was released from PtdCho/PtdGro 
vesicles was similar for both the intact botulinum neurotoxin 
and its H 2 fragment. Maximal release occurred at pH 4,5 
(Fig. 4): above pH 4.5 the K + release rapidly decreased and 
was undetectable above pH 6.0. At pH 4.0, however, while 
the K ' release by the intact neurotoxin was only slightly lower 
than that observed at pH 4.5, an almost fourfold reduction in 
K + release by the H 2 fragment was observed. 

Changes in the pH value of the intra-vesicular environ- 
ment did not appear to affect significantly the release of K + 
from lipid vesicles. Liposomes containing 0.1 M potassium 
acetate buffer at pH 4.5 instead of potassium phosphate buf- 
fer at pH 7.2 were found to release similar amounts of K + 
when the extravesicular environment was reduced to pH 4.5 
in the presence of botulinum toxin. 



Release qff^CJNAD from PtdChoj PtdGro vesicles 

At pH 4.5, addition of cither BoNT/A or the H 2 fragment 
to PtdCho/PtdGro vesicles loaded with [ (A C]NAD released 
over 80% of the total radioactivity (Table 1). Values obtained 
for the release of NAD in the presence of the neurotoxin 
consistently were close to double those of control values 
obtained in the absence of toxin, indicating that the membrane 
channels formed by BoNT/A are large enough to permit the 
release of NAD molecules (M T 665). 



Binding of 125 I-BoNT/A to and release of K* from liposomes 
of different phospholipid composition 

At pH4.5, the highest levels of A25 I-labclled BoNT/A 
binding were observed to liposomes comprising phospholipids 
with a net negative charge; liposomes incorporating either 
PtdGro, Ptdlns or PtdSer bound approximately 50% of the 
total toxin and those including either dicetyl phosphate or 
cardiolipb, over 80% of the total toxin (Table 2). In contrast, 
much lower toxin binding was observed to liposomes made 
with the neutral phospholipids PtdCho and PtdEtn. At 
pH 7.2, however, less than 7% of the radiolabeled toxin was 
recovered in the liposome pellet regardless of the phospholipid 
composition. The binding of botulinum toxin to PtdCho/ 
PtdGro vesicles was found to be partially reversible in that 
45% of the toxin bound to the liposomes at pH 4.5 could 
be released when the pH was raised to 7.2. Iodination of 
BoNT/A did not ailect the pore-forming properties of the 
toxin. Neurotoxin iodinated with increased concentrations of 
iodine, resulting in approximately 4 mol iodine/mol toxin, still 
retained more than 90% of the channel-forming ability of the 
untreated controls. 

Whereas low levels of toxin binding to liposomes were 
associated with poor release of K + from the lipid vesicles, high ( 
levels ofbinding were not always accompanied by efficient K * j 
release. 11ms, although lipid vesicles prepared from either | 
dicetyl phosphate or cardiolipin appeared to display the > 
highest affinity for the neurotoxin, toxin-associated release of 
K + from these vesicles was low compared to that from vesicles 
comprising cither PtdGro, PtdSer or Ptdlns. Similarly, 
compared to lipid vesicles containing the latter three 
phospholipids, the toxin-induced release of K + from soybean 
phospholipid vesicles was significantly lower even though all 
these liposome preparations bound comparable amounts of 
toxin (Table 2). 



DISCUSSION ' 

The molecular details of the events leading to internalist I 
tion of botulinum toxin (or an active toxin fragment) into 
the cytoplasm of presynaptic nerve cells are only vaguely 
understood. Acceptor molecules present on the presynaptic 
nerve surface bind tightly to the molecules of neurotoxin \ 
which then cross the outer plasmalemma by an energy-dc- , 
pendent process resembling receptor-mediated endocytosis | 
[5]. The mechanism by which the toxin penetrates the JipM 
bilayer, whether it be the membrane of the plasmalemoia 
or an endosomal vesicle, however, is still unresolved. Lip^ 
bilayers in the form of liposomes provide a convenient model 
for studying these membrane-toxin interactions. In the present 
study we show that a 50-LDa NH 2 -terminal fragment (Hj) °* 
BoNT/A is able to form channels in unilamellar vesicles at \ 



p 

* low pH which are large enough to allow the release of K f 

, and NAD + . Similar channel-forming activity was also ob- 
served with the intact neurotoxin, its heavy subunit and II 2 L 

' fragment. This properly of the neurotoxin appears to be 
confined to the heavy subunit since no channel-forming activi- 
ty was evident in purified samples of the neurotoxin light 

. su bunit. In addition, the similarity observed between the pore- 
forming activities of the heavy subunit and the H 2 L fragment 
suggests that Hi fragment of the neurotoxin has little or no 

> channel -forming activity compared to the H 2 fragment. 

The pH optimum of 4.5 for membrane channel formation 
i oD sefved for type A neurotoxin is close to values obtained in 
similar studies with diphtheria toxin \7] and tetanus 18] and 
1 botulimim type B neurotoxins [10]. Botulinum type C t 
■ neurotoxin, however, has recently been reported to form 
[ channels in planar lipid bilayers at a higher pH optimum of 
' 6.1 PJ. One explanation for the low pH requirement of type 
A neurotoxin for membrane channel formation is that as 
the pH is lowered a hydrophobic site is exposed on the tt 2 
i component which facilitates membrane binding. Supportive 
of this proposal is the observation that radiolabeled 
I botulinum neurotoxin binds strongly to PtdCho/PtdGro 
\ vesicles only at low pH. The exposure of a hydrophobic re- 
= gion, induced by protein conformation changes at low pH, 
I has also been proposed to explain the pH-dependent insertion 
of diphtheria [15, 16] and tetanus toxin [8] into lipid bilayers. 
1 Whatever the mechanism of pore formation for BoNT/A, a 
pH gradient across the membrane does not appear to be 
required since reducing the intra-liposomal plj from 7.2 to 
) 4.5 did not affect the toxin-induced release of K + . 

Radiolabeled botulinum type A neurotoxin, at low pH, 
bound to a variety of liposomal phospholipids. High levels 
of toxin binding, however, were observed only to liposomes 
comprising phospholipids with an overall negative charge; 
1 liposomes consisting of electrically neutral lipids displayed 
a much weaker interaction with the toxin. The binding of 
neurotoxin to lipid vesicle membranes was not always accom- 

> panied by the formation of membrane channels. While the 
toxin bound strongly to lipid vesicles consisting of either 
soybean phospholipids, cardioHpin or dicetyl phosphate, the 
release of K ' from these vesicles was significantly less than 
that observed from liposomes consisting of either PtdGro, 
Pldlns or PtdSer which appeared to bind the toxin less 
strongly. These observations may indicate that toxin binding 
and channel formation are two distinct events in which case 
some phospholipids, while allowing the toxin molecule to 
bind, may inhibit the subsequent channel-forming stage. A 

! similar mechanism has been suggested for botulinum type C x 
neurotoxin for which it has been suggested that aggregates of 
I ^ c toxin may be involved in channel formation [9]. 
. Alternatively, it could be argued that the neurotoxin is able 
to bind the lipid bilayer in several configurations, not all of 
which are conducive to the formation of a membrane channel. 
, Whether the toxin binds in a channel-forming configuration 
| w not could, then, be influenced by the nature of the mem- 
: toane phospholipids. The lack of a positive correlation be- 
i tw cen toxin binding and pore formation suggests that a 
/ specif toxin conformation is required before membrane 
channels can form and argues strongly against the possibility 
ftat the release of K + from liposomes is simply due to a aon- 
t Specific disruption of the integrity of the membrane surface 
* s the toxin binds. The inability of formalin-inactivated toxin 
0 release K 1 from liposomes and the reduced channel- 

> 0rmi ng activity of the H 2 fragment at pH 4.0 also support 
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the view that there is a requirement for a specific toxin 
conformation to enable the formation of membrane pores. 

Whether or not the channel-forming activity observed for 
the H 2 fragment of BoNT/A plays a significant role in the 
neuroparalytic activity of the neurotoxin is uncertain. The 
ability to form membrane pores at low pH has been found to 
be a common characteristic of a number of bacterial toxins; 
in addition to the other botulinum neurotoxins so far studied 
(types B [10] and C\ [9]), similar channel-forming activities 
have been demonstrated in fragments analogous to the H 2 
fragment of BoNT/A in both tetanus [8] and diphtheria [7] 
toxins. In the case of" diphtheria toxin direct evidence has 
recently been obtained that illustrates the importance of a 
low extravesicular pH in the translocation of the enzymically 
active fragment A across lipid bilayers [17]. Using liposomes 
containing the toxin substrates NAD + and elongation 
factor 2, it was shown that only at low extravesicular pll and 
using intact diphtheria toxin could the enzymically active- 
fragment A enter the liposomes and catalyse the ADP- 
ribosylalion reaction. It is tempting to speculate that a similar 
translocation mechanism could operate for botulinum toxin. 
If, as has been suggested [5], BoNT/A initially enters the nerve 
by a process similar to receptor-mediated endocytosis, then 
the acidic environment which develops in the endosome [18J 
should induce the toxin to insert itself in the lipid bilayer. 
Whether or not the toxin or a toxin fragment subsequently 
enters the cytosol has yet to be determined. Recent studies 
may favour the translocation of the whole toxin since intact 
BoNT/A intracellularly injected into chromaffin cells strongly 
inhibits secretion 119]. Substantiation of such an internal- 
isation mechanism would imply that the heavy subunit of 
BoNT/A plays a role in at least two stages in the action of 
the neurotoxin: firstly, in the binding of the toxin to the 
presynaptic nerve surface, most probably by an active site 
region located on the fragment [11], and secondly, in 
the translocation of the toxin or a fragment into the cytosol 
mediated by the H 2 component. 

Clearly, in the light of the present findings and those with 
other bacterial toxins the interaction of botulinum neurotoxin 
with lipid bilayers at low pH is worthy of continued investiga- 
tion. 

The authors thank Howard Tranter, Nigel Bailey, Roger Rhind- 
Tutt and Julia Medcraft for their assistance in completing this study. 
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The heavy chain of botulinum type A neurotoxin forms channels in planar phospholipid bilayer membranes. 
Channel activity is confined to the N-terminal half of ihis chain; the C-terminal half is inactive. Channel 
activity is stimulated by low pH (4.5-5.5) on the cis side (the side to which protein is added), neutral pH 
on the opposite (trans) side, and cis positive voltages. These findings arc strikingly similar to those previous- 
ly reported for analogous fragments of diphtheria and tetanus toxins. 
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1. INTRODUCTION 

The botulinum neurotoxins, which number 
among the most potent toxins known, cause a flac- 
cid paralysis by blocking the release of 
acetylcholine from presynaptic cholinergic nerve 
terminals. The toxin is synthesized by the anaerobe 
Clostridium botulinum as a single polypeptide (M, 
-150000) which is split (termed nicking) into a 
heavy chain (M r -100000) and a light chain (M f 
-50000) by a protease endogenous to the bacteria 
or by mild trypsinization; the two chains are 
separated by reduction of the disulfide bond(s) 
which link(s) them (fig.l). The seven serologically 
distinct botulinum neurotoxin types recognized so 
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far have a similar structure (see (1] and (2] for a 
general review of botulinum toxin). Interestingly, 
tetanus and diphtheria toxin share the same 
general macrostructure with botulinum neurotoxin 

in. 

Although a clear picture of the mechanism by 
which the toxin gains entry to the cytosol has yet 
to emerge, there may be an analogy with 
diphtheria toxin which is believed to employ cell- 
surface receptor binding, receptor-mediated en- 
docytosis, and membrane translocation of its en- 
zymatic light chain into the cytosol from an acidic 
vesicle compartment [3,4J. The exact molecular 
mechanism by which transmitter release is disabled 
also remains a mystery, although type D 
botulinum toxin has recently been shown to ADP- 
ribosylate a membrane protein of M f -21000 in 
bovine adrenal gland homogenate, suggesting that 
the mechanism is enzymatic [5]. 

It has previously been demonstrated that the 
heavy chains of botulinum type B neurotoxin, 
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tetanus toxin and diphtheria toxin form large, 
voltage-dependent and pH-dependent ionic chan- 
nels in planar lipid bilayers [6]. The channel- 
forming properties of the three toxins are 
remarkably alike, with channel activity maximal 
under the pH conditions which arc likely to exist in 
an endocytic vesicle. This comparison makes com- 
pelling the suggestion (hat these pores formed by 
the heavy chain are involved in protein transloca- 
tion of the light chain, and a possible role as 'tun- 
nel proteins' has been suggested [6]. 

In this study wc report that the heavy chain of 
botulinum type A neurotoxin, like that of type B, 
makes voltage-dependent and pH-dependent ionic 
channels in planar lipid bilayers. We further show 
that channel-forming activity is confined to the N- 
terminal half of the heavy chain; the C-terminal 
half of the heavy chain is devoid of channel- 
forming activity. 

2. MATERIALS AND METHODS 

2.1. Neurotoxin and neurotoxin fragments 
preparation 

Botulinum type A neurotoxin was produced and 
purified as described (7], and its heavy and light 
chains were separated and purified chromatog- 
raphically [8]. To cut the heavy chain, the whole 
neurotoxin (M r - 145000) was digested with trypsin 
(EC 3.4.4.4) at a 10:1, w/w, ratio in 0.02 M 
Naatf P04-NaH 2 P0 4 buffer, pH 6.0, for 90 min at 
30°C. The primary cleavage products were (i) light 
chain (A/ r -53000) linked to the N-terminal half of 
the heavy chain (M T ^50000) by a disulfide bond 
(hence total M t -103000) and (ii) the C-terminal 
half (M t -47000) of the heavy chain; in fig.l the 
two halves of the heavy chain are marked as H 2 
and Hi. The two fragments (M r -103000 and 
-47000) were purified by ion-exchange 
chromatography. The light chain (L) was then 
separated from the N-tcrminal half of the heavy 
chain (H 2 ), and the two were purified by ion- 
exchange chromatography. The two halves of the 
heavy chain were partially sequenced for 
characterization [9]. Details of fragmentation, 
purification and amino acid sequence determina- 
tion will be published elsewhere (Sathyamoorthy, 
DasGupta, Niece and Foley, in preparation). The 
first 27 amino acid residues of the hf 2 fragment (M r 
-50000) of the heavy chain [9] were identical to 
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the N-terminal sequence of the intact heavy chain 
(A/ r -97000) [10]. This proved that (i) this frag-, 
ment is the N-terminal half of the heavy chain, and 
(ii) the other half (M T -47000), whose 12 amino 
acid residues were sequenced [9J, is apparently the * 
C-terminal half of the heavy chain (Hj fragment), j 

2.2. Membrane formation and measurements ' 
Planar phospholipid bilayer membranes were ■ 
formed at room temperature from the union of 
two lipid monolayers across a hole (0.1 to 0.2 mm '! 
diameter) in a Teflon partition [1 1] that had been j 
pretreated with squalene; the partition separated 
two 1 ml compartments of a Teflon chamber con- 
taining buffered salt solutions, which were stirred j 
independently by magnetic fleas. Monolayers were 
spread from 1% lipid solutions in hexanc, and the 
solvent was allowed to evaporate before membrane 
formation. The lipid solutions consisted of either 
diphytanoylphosphatidylcholinc (DPhPC) or a ■ 
mixture of plant phosphatidylethanolaminc (PE), I 
plant phosphatidylcholine (PC), and bovine \ 
phosphatidylserine (PS) in the ratio PE/PC/PS of ! 
2:2: 1; all lipids were obtained from Avanti Polar 
Lipids, Birmingham, AL. The salt solutions con- 
tained I M KC1, 5 mM CaCI 2 and 0.1 mM EDTA. 
The cis solution (the one to which the toxin frag- j 
ment was added) was buffered either at pH 4.7 : 
with 5 mM dimethylglutaric acid (DMG) or at pH ) 
5.5 with 5 mM 2-(/V-morpholino)ethanesulfonic 
acid (Mes). The trans solution was buffered either 
at pH 7.4 with 5 mM Hepcs or with the same buf- 
fer as in the cis solution. In the latter case, the pH ! 
of the trans solution was sometimes raised during 
the course of an experiment by stirring into it small 
aliquots of concentrated Hcpes solution. After 
membrane formation, neurotoxin fragments were j 
added from stock aqueous solutions to the cis com- 
partment, to final concentrations of 0.1-1 ^g/ml. 

BOTULINUM TQXIN AND FRAGMENTS 

LIGHT HEAVY | 

H ? N > I t i 1 iCOOH 

L H ? Hi 

• " '■ — 1 ~ — 1 ""■ " i 

O 50 KX) 150 

Fig. 1 . Botulinum neurotoxin and fragments. The scale is 
in units of kDa. 
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Fig.2. (a) Effect of raising trans pH on rates of channel opening and closing. Current traces are shown at different 
applied voltages. In the absence of toxin fragment, membrane current (and conductance) is virtually zero. Upon 
addition of ~1 /<g of M 2 fragment to the cis compartment (volume 0.8 ml), the rate of channel opening (or closing) is 
seen as an increase (or decrease) in current with time. Rates of channel opening and closing at symmetric low pH (4.7) 
are compared to rates after raising the trans pH to 6.7. The rapid (5 - 10 s) increase in current (in the negative direction) 
seen immediately after raising the trans pH (see second arrow) is probably due to an increase in single-channel 
conductance. Further, the rate of channel opening at + 50 mV is increased by more than 50-fold over that before the 
etevation of the trans pH (note change in current scale). Solutions: I M KCI, 5 mM CaCI 2 , 0.1 mM EDTA, in 5 mM 
DMG buffer, pH 4.7. trans pH was raised by addition of Hcpes buffer. Lipid: PF./PC/PS (2:2:1 ratio). Voltage: All 
voltages refer to those of the cis side with respect to the trans side, which is defined as zero, (b) Effect of positive voltage 
°n rate of channel opening. 10 min prior to the start of the record, H 2 fragment was added to the cis compartment 
to a concentration of -0.2 A g/ml. Solutions: cis, 100 mM KCI, 5 mM Mes, pH 5.5; trans. 100 mM KCI, 5 mM Hepes, 

pH 7.4. Lipid: DPhPC. 
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Stock solutions of fragments were stored at 4°C at 
concentrations of -150/*g/ml. Protein concentra- 
tions were estimations based on absorbancc at 
278 nm or intensity of Coomassie blue stained 
bands in polyacrylamide gels. Electrical 
measurements were made under voltage-clamp 
conditions using a single pair of Ag/AgCl elec- 
trodes, contacting the solutions via 3 M KG agar 
bridges; current was monitored on a Narco 
physiograph chart recorder. The conductance (G) 
at any lime is obtained from the relation G = I/V, 
where V is the voltage at which the membrane is 
clamped and / is the resulting current. The trans 
compartment was held at virtual ground; all 
voltages, therefore, refer to those of the cis com- 
partment. 



3. RESULTS 

Several fragments of botulinum type A 
neurotoxin were examined for possible channel- 
forming activity; (i) the entire heavy chain; (ii) the 
N-terminal half of the heavy chain (H 2 fragment); 
(iii) the N-terminal half of the heavy chain linked 
via a disulfide bond to the light chain (H 2 -L frag- 
ment); and (iv) the C-terminai half of the heavy 
chain (Hi fragment) (see fig.l). The first three of 
these fragments listed were fairly similar in their 
channel-forming activity; differences which were 
evident include noise/fluctuation levels and poten- 
cies. In particular, experimental records with the 
heavy chain and the H 2 -L fragment exhibited much 
more noise than those of the H 2 fragment. In addi- 
tion, these fragments had to be present in 
~5-10-foId higher concentrations than the H 2 
fragment to achieve comparable conductances. 
When the C-terminal half of the heavy chain was 
examined under conditions which yielded maximal 
activity for the other fragments, no channel- 
forming activity was observed even when present 
at -50-fold higher concentrations. 

Addition of the H 2 fragment to one side of a 
planar lipid bilayer separating salt solutions at 
symmetric low pH (cis, 4.7; trans, 4.7) and subse- 
quent clamping of the membrane potential to 
positive voltages results in steady rates of channel 
turn-on. (A typical record is shown in fig.2.) If the 
membrane is initially held at large negative poten- 
tials (< - 50 mV), little or no activity is seen. Rais- 
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ing the trans pH causes a dramatic (> 100-fol<i) 
increase in the rate of channel turn-on. This effect 
is apparent when one compares the rate of current 
increase at +50 mV at symmetric low pH to the 
rate after the trans pH has been raised to 6.7 
(fig. 2a, note the change in current scales). A 
second effect of raising the trans pH is a rapid 
(within stirring lime) 3-5-fold increase in the 
steady-state conductance (fig. 2a, second arrow). 
This is most likely due to an increase in the conduc- 
tance of the single channels which comprise the 
macroscopic conductance, rather than an increase 
in the actual number of open channels. Consistent 
with this is a comparable rapid fall in conductance 
seen upon lowering of the trans pH from -7.0 to 
-5.0, presumably the result of a decrease in the 
single-channel size. No activity is exhibited by any 
of the active fragments when added to one side of 
a membrane separating solutions at symmetric 
neutral pH (or higher). If the cis pH is subsequent- 
ly lowered to < 5.5, however, full activity appears. 

The effects of negative potentials on the channel 
kinetics are somewhat complicated (fig. 2a). At 
symmetric low pH, large negative voltages 
« - 50 mV) result in a fast (2-5 s) phase of turn- 
off, followed by a much slower turn-off phase. 
This effect is also seen after the trans pH has been 
raised, but only initially; after -1 min, potentials 
of -60 mV result in a turning-on of channels. It 
is likely that multiple open and closed states exist 
and that raising the trans pH drives channels into 
deeper open states. In addition to the gating of 
these channels by pH, there is also an effect of 
voltage on the rate of channel turn-on, with in- 
creasing positive voltages resulting in higher rates 
of turn-on (fig.2a,b). 

4. DISCUSSION 

It has previously been shown that botulinum y . 
neurotoxin types A, B, C,, D and E [12,13], ^ 
diphtheria toxin (14), and tetanus toxin [6,15] all |j 
form pH-dependent and voltage-dependent chan- I 1 
nels.in planar lipid bilayer membranes. Further- J 
more, this channel-forming activity was found to 
be confined to the heavy chains of diphtheria tox- 
in, tetanus toxin and botulinum type B neurotoxin M 
{6,15,16], In the present study, we have extended | 
this finding to the heavy chain of botulinum type || 
A neurotoxin. Moreover, we have shown that the -£j 
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channel-forming domain of the heavy chain is 
restricted to its N-terminal half (the H 2 fragment); 
the C-terminal half does not possess channel- 
forming activity. (Although our sample of the light 
chain was too dilute to adequately test for channel- 
forming activity, it is known from previous work 
[6] that the light chain of botulinum type B 
neurotoxin does not form channels.) This is 
precisely what was found earlier for diphtheria 
toxin and tetanus toxin [6,15], thereby strengthen- 
ing the analogy among these three toxins. 

Several striking similarities among the channel- 
forming properties of the botulinum, tetanus and 
diphtheria toxins are worthy of mention: (i) com- 
parable fragments (the N-terminal half of the 
heavy chain) form channels; (ii) the channels 
manifest a similar voltage dependence, particularly 
the increase in channel activity with cis positive 
voltages; (iii) there is a requirement of low cis pH 
in channel formation; (iv) channel activity in- 
creases upon elevation of the trans pH; and (v) the 
single-channel conductance increases with the 
elevation of trans pH. With regard to this last 
point, although we have not yet investigated 
botulinum type A neurotoxin at the single-channel 
level, effects of pH on macroscopic records (see 
fig.2a) are consistent with those seen previously 
with botulinum type B neurotoxin (and with 
diphtheria toxin and tetanus toxin as well) (6,13]. 

A question which remains unanswered is the 
possible connection between channel formation by 
the heavy chain and protein translocation of the 
light chain. In addressing the general question of 
protein translocation one seeks to find the means 
by which nature solves the problem of overcoming 
the significant energy barrier which polar, 
hydrophilic regions must overcome in their 
journey across the low dielectric medium of the 
plasma (or vesicle) membrane. In the light of this, 
and the similarity of conditions required for chan- 
nel formation in bilayers and intoxication in cells, 
it has been suggested that the aqueous pores form- 
ed by the heavy chains of these toxins may accom- 
modate the passage of the light chains in an 
unfolded conformation (6,16]. 

The genes for both tetanus toxin (17] and 
diphtheria toxin (18,19] have been cloned and se- 
quenced and the primary structures of these toxin 
proteins thereby deduced. In recent years, the use 
°f molecular cloning techniques in the study of 



ionic channels has provided a unique probe into 
the molecular mechanisms which underlie channel- 
forming activity. We hope to eventually bring this 
technique to bear on the channels formed by the 
botulinum neurotoxins. 
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The lectin from the seeds of Erythrina cristagalli has been isolated in high yield (75 %) and homogeneous 
form by affinity chromatography on a column of D-galactose-derivatised Sepharose. It is a glycoprotein with a 
molecular weight of 56800 ± 900 and J 2 o,w= 3.9 S, composed of two subunits (apparent molecular weights 
of 28000 and 26000 respectively) both of which are glycosylated. The total carbohydrate content is 4.5% and 
it is comprised of mannose, W-acetylglucosamine, fucose and xylose in amounts corresponding to 7, 4, 2 and 
2 mol/56800 Da respectively. The amino acid composition of the lectin is characterised by a high content of 
acidic and hydroxy amino acids, low content of methionine and absence of cysteine. Valine is the only N-terminal 
amino acid detected. The lectin is a metalloprotein in that it contains 0.093% Mn and 0.13% Ca (1 mol and 
1.9 mol/56800 Da respectively), both of which are tightly bound to the protein. 

E. cristagalli lectin agglutinates untreated human erythrocytes of all blood types, as well as rabbit erythro- 
cytes, at a concentration of 5 — lOug/ml. It is mitogenic for human peripheral blood T lymphocytes at an 
optimal concentration of about 100 ug/ml, but is not mitogenic for mouse thymocytes or splenocytes. 

D-Galactose and various D-galac to sides inhibit the hemagglutinating activity of the lectin. JV-Acetyllactosamine 
is most potent, completely inhibiting four agglutinating units of the lectin at 0.4 mM concentration. Lactose, 
AT-acetyl-D-galactosamine and D-galactose are 5, 16 and 35 times less active respectively. Lactose specifically 
perturbs the ultraviolet spectrum of the lectin in the aromatic region. The difference spectrum obtained upon 
binding of the disaccharide to the lectin shows maxima at 291 nm and 282-284 nm, indicating a change in 
the environment of tryptophan residues of the protein upon binding of sugar. 



During the last decade there has been a remarkable in- 
crease of interest in lectins. Close to 100 lectins have been 
purified and characterised, and some of them were found to 
possess unusual structural features (for recent reviews see 
[1,2]). The sugar specificity of many lectins, and their inter- 
actions with different cells, have been investigated. As a result 
of these studies it became clear that lectins with identical 
specificity with respect to monosaccharides differ in their 
interactions with oligosaccharide moieties of glycoconjugates, 
and therefore also with cells. For example, of all known 
galactose^specific lectins, only peanut agglutinin distinguishes 
between mature and immature human and murine thymo- 
cytes, while among ^V-acetylgalactosamine-specific lectins only 
soybean agglutinin interacts selectively with murine B spleno- 
cytes and not with T cells [3]. It is therefore important to 
isolate as many lectins as possible and to study their sugar 
specificity in detail. 

In this paper we describe the isolation of a galactose/ 
A^-acetylgalactosamine-specific lectin from the seeds of Ery- 
thrina cristagalli by affinity chromatography on galactose- 
derivatised Sepharose. The lectin has been studied with 
respect to its structure, composition, biological activities and 
sugar specificity. Its properties are compared with those of 
the recently purified lectins from Erythrina indica [4] and 
Erythrina corallodendrum [5]. 



1 All sugars were of the D-con figuration unless otherwise stated. 



MATERIALS AND METHODS 
Materials 

Divinylsulphone was a product of Polyscience (Warring- 
ton, PA), Sepharose 6B was from Pharmacia (Uppsala) and 
concanavalin A — Sepharose was from Miles- Yeda (Rehovot). 
Neuraminidase from Vibrio cholerae (1 U/ml) was purchased 
from Behringwerke (Marburg) : 1 unit is defined as the amount 
of enzyme that liberates 1 umol sialic acid from human oti 
acid glycoprotein in 1 min at 37 °C and pH 5.5. Trypsin 
(2 x crystallised), human transferrin and bovine serum albu- 
min were from Sigma (St Louis), ovalbumin and lysozyme 
from Worthington (New Jersey), and fetuin from Gibco 
(Grand Island, NY). AT-Acetyllactosamine was a synthetic 
product [6] kindly supplied by Dr A. Veyrieres (Universite 
de Paris-Sud). All other sugars were commercial products of 
highest purity available and all other reagents were of ana- 
lytical grade. Soybean agglutinin was prepared as described 
[7] except that acid-treated Sepharose [8] was used as ad- 
sorbent for affinity chromatography. Erythrina cristagalli 
seeds were collected by one of us (J. L. L) in Uruguay. Slightly 
outdated human blood was obtained from Kaplan Hospital, 
Rehovot, and rabbit, sheep and mouse blood was drawn 
from animals supplied by the Animal Breeding Centre at the. 
Weizmann Institute. Asialofetuin was prepared by hydrolysis 
of fetuin (20 mg/ml, 0.1 M HC1, 80°C for 1 h) ^dialysis 
of the hydrolysate against phosphate-buffered saline, Pi/NaCl 
(0.05 M potassium/sodium phosphate buffer, pH 7.2, in 0.9 / 9 
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NaCI). To obtain neuraminidase-treated cells a 20% suspen- 
sion of erythrocytes, in Pj/NaCl was treated with 5 mU 
enzyme/ml for 1 h at 37 °C and the cells washed three or 
four times in Pi/NaCl. Trypsinization of erythrocytes was 
carried out on a 4% cell suspension in Pj/NaCI using 100 ug 
enzyme/ml, and the cells were washed as above. 

Preparation of Affinity Column 

Galactose-derivatised Sepharose 6B was prepared by the 
divinylsulphone method of Porath and Ersson [9]. Packed 
Sepharose 6B (lOOg wet weight) was suspended in 100 ml 0.5 M 
sodium carbonate buffer, pH 11, and 10 ml divinylsulphone 
was added. The suspension was kept at room temperature for 
70 min with slow stirring and the activated gel was thoroughly 
washed on a glass filter with distilled water. It was then 
suspended in 100 ml of a 10% solution (w/v) of galactose in 
the carbonate buffer and left overnight in the cold room 
(4—6 °C). The resulting product was washed on a glass filter 
with 1 1 carbonate buffer followed by 2 1 water and suspended 
in Pi/NaCl. 

Protein Estimation 

The method of Lowry et al. [10] was routinely used with 
bovine serum albumin as standard. For the purified lectin, 
concentration was estimated from absorption measurements 
at 280 nm, using the factor A = 12.4. This value was ob- 
tained by determining the protein concentration by the 
method of Lowry et al. [10] of a solution of purified lyo- 
philised lectin of known absorbance. 

Carbohydrate Determinations 

Total neutral carbohydrate content was determined by 
the phenol/sulphuric acid method [11] using mannose as 
reference sugar. Individual monosaccharides were determined 
by gas chromatography as trimethylsilyl derivatives after 
methanolysis of the lectin in the presence of mannitol as 
internal standard. A column of 3 % SE-30 in the temperature 
range 140-200 °C at 0.5 °/min was used [12]. 

Amino Acid Analysis 

Amino acid composition was determined on a Dionex 
D500 amino acid analyser. Hydrolysis was in sealed tubes 
under nitrogen at 110°C with 6 M HC1 for 22 h, 48 h and 
72 h. Values for serine and threonine were obtained by extra- 
polation to zero-time hydrolysis and the maximal values 
were taken for the remaining amino acids. Methionine and 
cysteine were determined as methionine sulphone and cysteic 
acid, respectively, after oxidation of the protein with per- 
forms acid [13]. For estimation of tryptophan, hydrolysis 
was carried out in 4 M methanesulphonic acid [14]. N-ter- 
minal amino acids were determined by Edman degradation 
on a Beckman model C sequencer with quadrol [N J N,N\N f - 
tetrakis(2-hydroxypropyl)ethylenediamine] buffer. Identifica- 
tion of amino acid phenylthiohydantoins was done by high- 
performance liquid chromatography on a Zorbax 5-um 
(Dupont) column. 



Metal Content 

Analysis of metals was done by atomic absorption on a 
Perkin-Elmer 306 Spectrophotometer. Salt solutions were pre- 



pared with double-distilled water and demetallised „ 
column of Chelex 100 (Bio-Rad). The lectin solution JL? 
lor metal determination was dialysed at 4°C with f 
nT n g f \° f each externaI solution against (a) metal-free salinf 
(b) 0.1 M EDTA followed by metal-free saline, or (T £ 
acetic acid followed by metal-free saline. Any precipitate 
that formed during dialysis was removed by centrifugation 

Gel Electrophoresis 

Discontinuous polyacrylamidegel electrophoresis at pH 8 Q 
was performed according to Davis [15]. Electrophoresis in 
the^ presence of sodium dodecylsulphate was carried out on 
10% gels in the discontinuous buffer system of Laemmli [161 
For the determination of the apparent molecular weight of 
the subunits the gels were calibrated with transferrin (M 
76000), bovine serum albumin (M r 68000), ovalbumin (M 
46000), soybean agglutinin (subunit M t 30000) and lysozyme 
(Mr 14000). The gels were stained for protein with Coomassie 
brilliant blue R 250 and for carbohydrates with the periodate/ 
Schiff reagent [17]. ' 

Ultracentrifugal Studies 

The sedimentation coefficient was determined in a Spinco 
model E analytical centrifuge at 52000 rev./min and 20 °C 
using a 0.57 mg/ml solution of the lectin in Pi/NaCl The 
molecular weight was calculated from sedimentation equili- 
brium data according to Yphantis [18], obtained at 17000 
rev./min and a protein concentration of 0.35 mg/ml The 
partial specific volume was calculated [19,20] from the amino 
acid and sugar composition as 0.724 ml/g. 

Affinity Chromatography on Concanavalin-A — Sepharose 

Purified E. cristagalli lectin (5 mg dissolved in 1 ml ?J 
NaCI) was applied to a column (1x4 cm) of concanavalin- A - 
Sepharose, and left in contact with the adsorbent for 15 min 
at 4°C The column was then washed with 10 ml Pi/NaCl 
and the adsorbed lectin eluted with 0.2 M methyl cc-inan- 
noside. glution was followed by monitoring the absorbance 
of the effluent at 280 nm. 

Hemagglutinating Activity 

The hemagglutinating activity of the lectin was assayed 
by the serial dilution method on microtiter plates, using 50 ul 
lectin solution and 50 ul of a 4% suspension of erythrocytes. 
A unit of activity is defined as the lowest concentration of 
lectin giving visible agglutination. The inhibitory activity of 
sugars was measured by mixing serial dilutions of the inhibitor 
with four hemagglutinating units of the lectin before addition 
of erythrocytes and determining the lowest concentration 
giving full inhibition of agglutination. 

Mitogenic Activity 

Human lymphocytes were isolated from freshly drawn 
peripheral blood by centrifugation on Ficoll-Hypaque [21]- 
T cells were separated from B cells by rosetting out with 
sheep erythrocytes [22]. Preparation of mouse thymocytes 
and splenocytes, treatment of the cells with neuraminidase, 
culture conditions and measurement of the stimulation of 
DNA synthesis, were carried out as previously described [23]. 



Table I - Purification of E. cristagalli lectin 

The crude extract was obtained from 100 g defatted meal 
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Volume 


Total 


Specific 
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Recovery 


Purifica- 




protein 


activity 


activity 




tion 




v ml 


mg 


units/mg 


units 


% 


-fold 


Crude extract 


800 


19000 


3 


51200 


100 


1 


(NrU^SO* precipitation 














0-30% fraction 


200 


2200 


0.7 


1540 


3 




30 - 60% fraction 


200 


4620 


9 


41 580 


82 


3 


60- 100% fraction 


330 


5280 


0.5 


2640 


5 




Affinity chromatography 


150 


180 


210 


37800 


74 


70 



Purification of E. cristagalli Lectin 

Unless otherwise stated, all operations were carried out 
in the cold room. Finely ground seeds were defatted by ex- 
traction with petroleum ether and air dried at room temper- 
ature. The defatted meal (30 g) was extracted with 300 ml 
Pi/NaCl for 1 h with stirring, the extract was filtered through 
cheese-cloth and clarified in a Sorvall centrifuge at 13000 rev./ 
min for 10 min. Ammonium sulphate (17.6 g/100 ml) was 
added to the supernatant with stirring, and the precipitate was 
removed by centrifugation as above; more ammonium sul- 
phate (19.8 g/100 ml) was added and the mixture kept over- 
night. The precipitate was collected by centrifugation, sus- 
pended in distilled water (80—90 ml) and dialysed extensively, 
first against distilled water (2x51) and finally against Pi/ 
NaCl. Any precipitate that formed during dialysis was re- 
moved by centrifugation and the clear supernatant was 
applied to a column (2x15 cm) of galactose-derivatised 
Sepharose, equilibrated with Pi/NaCI. The column was 
washed with the same buffer until the absorbance at 280 nm 
of the effluent was < 0.05 and the bound lectin was eluted 
with 0.2 M galactose. Elution was followed by monitoring 
the absorbance at 280 nm; the fractions containing protein 
were collected, dialysed extensively against distilled water 
and lyophilised. 

RESULTS AND DISCUSSION 

The presence of hemagglutinating activity in extracts from 
seeds of different species of Erythrina has been known for a 
long time [24], but only recently have two of the lectins, 
namely from Erythrina indica [4] and from Erythrina corallo- 
dendrum [5] been purified and characterized. 

The Erythrina cristagalli lectin described in this paper is 
eluted from a column of Sepharose-bound galactose as a 
sharp peak (Fig. 1); neither Sepharose alone, nor acid-treated 
Sepharose [8] could be used as affinity support, since the 
lectin did not bind at all to the former and only weakly to 
the latter. About 50 mg lectin (yield 75%) is obtained from 
30 g defatted meal, with a specific hemagglutinating activity 
of approximately 200 units/mg when determined with un- 
treated human O-type erythrocytes. The purification proce- 
dure is summarised in Table 1. As can be seen, the lectin 
comprises about 1.2% of the soluble proteins of the seeds. 

The purified lectin is homogenous by polyacrylamide gel 
electrophoresis at pH 8.9. It gives a single symmetrical, peak 
m sedimentation velocity and equilibrium experiments, with 
J 2o.w = 3.9S and M T of 56800. Upon polyacrylamide gel 
electrophoresis in the presence of sodium dodecylsulphate, 
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Fig. 1 . Affinity chromatography of E. cristagalli lectin on a column of 
galactose-derivatised Sepharose 6 B. The dialysed ammonium sulphate 
precipitate obtained from 30 g defatted meal was applied to a 2 x 15-cm 
column equilibrated with Pi/NaCl. Elution was with 0.6 M galactose. 
(O O) Azbq\ (• •) hemagglutinating activity (units/ml) 

two closely migrating bands are obtained, with apparent 
molecular weights of 28000 and 26000 respectively (Fig. 2). 
These values are very close to those reported for the E. indica 
lectin fee w = 4.0 S, molecular weight 66200, and two sub- 
units with molecular weights of 34000 and 30000 [4]). In 
contrast, the lectin from E. corral lodendrum has a molecular 
weight of 110000-120000 [5]. 

. The two bands obtained by polyacrylamide gel electro- 
phoresis of the E. cristagalli lectin stained for protein as well 
as for carbohydrate, indicating that the lectin is composed 
of two subunits and that both are glycosylated. Homogeneity, 
as well as the glycoprotein nature of the lectin, was confirmed 
by chromatography on concanavalin A— Sepharose. The lectin 
is quantitatively adsorbed to the column and more than 80 % 
of the adsorbed protein is eluted as a sharp peak with 0.2 M 
methyl a-mannoside (Fig. 3). The combined fractions of the 
peak contain essentially the total hemagglutinating activity 
applied to the column. The neutral carbohydrate content of 
the lectin, as determined by the phenol/sulphuric acid method, 
is 2.8%. Based on gas chromatography analysis (Table 2), 
the lectin contains mannose, W-acetylglucosamine, fucose and 
xylose in a molar ratio of 3.5 : 2 : 1 : 1, in amounts correspond- 
ing to 7, 4, 2 and 2 mol/56800 Da respectively; the total 
carbohydrate content was calculated to be 4.5 %. A strikingly 
similar carbohydrate composition has been reported for 
bromelain, the proteolytic enzyme from pineapple stem [25]. 
It seems likely that, in analogy to other glycoproteins [26,27], 
the carbohydrate is linked to the protein via GlcN Ac-GlcN Ac- 
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Fig. 2. Polyacrylamide gel electrophoresis (10%) of purified E. cristagalli 
lectin. Tracks A-D: in the presence of sodium dodecylsulphate; track E: 
pH 8.9 without sodium dodecylsulphate. Tracks C and D were stained 
for carbohydrates with the periodate/Schiff reagent. The markers used 
(tracks A and Q were transferrin (A/ r 76000); bovine serum albumin 
(M r 68000); ovalbumin (M t 46000), soybean agglutinin (subunit M r 
30000); lysozyme (M r 14000) 




Table 2. Carbohydrate composition o/E. cristagalli lectin 

The monosaccharides were determined by gas chromatography as tri- 

methylsilyl derivatives. The value for Af-acetylglucosamine is based oq 

the glucosamine content. Results are based on a molecular weight of 

56800 
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Fig. 3. Affinity chromatography of purified E. cristagalli lectin on a column 
ofconcanavalin>A-Sepharose. 5 mg lectin in 1 ml Pi/NaO was applied 
to a lx4-cm column. Elution was with 0.2 M methyl a-mannoside 
(a MM). (O O) Ajso; (• •) hemagglutinating activity (units/ml) 



Asn. Therefore, there is probably one carbohydrate chain 
per subunit, in which the mannose residues are attached to 
the distal tf-acetylglucosamine in a branched structure. 

The amino acid composition of E. cristagalli lectin is 
shown in Table 3. In common with many lectins, it is devoid 
of cysteine and has a low content of methionine, but is rich 
in acidic and hydroxy amino acids. Valine is the only N- 
terminal amino acid detected. The lectin contains 0.093 % Mn 
(lmol/56800Da) and 0.13% Ca (1 .9 mo!/56 800 Da). Ex- 
haustive dialysis against 0.1 M EDTA or 1 M acetic acid 
does not decrease the metal content and hemagglutinating 
activity of the preparation, although the latter treatment has 
been shown to lead to the demetallization and loss of biological 
activity of many lectins [28,29]. When hemagglutination is 
carried out in the presence of EDTA at a final concentration 
of 0.05 M, no effect on the agglutinating activity of the lectin 
is observed. With the galactose/yV-acetylgalactosamine-specific 



Monosaccharide 



Composition 



Fucose 
Xylose 
Mannose 

tf-Acetylglucosamine 



mol/mol 

1.9 

2.0 
7.1 
3.8 



Table 3. Amino acid composition of E. cristagalli lectin 

Results are based on a molecular weight of 56800 with 4.5 % carbohydrate 



Amino acid 


Composition 






residues/mol 


mol/100 mol 


Asp 


62 


11.5 


Thr 


43 


8.0 


Ser 


47 


8.9 


Glu 


55 


10.2 


Pro 


39 


7.2 


Gly 


39 


7.2 


Ala 


40 


7.4 


Half-Cys 


0 


0 


Val 


42 


7.8 


Met 


6 


1.1 


lie 


30 


5.6 


Leu 


37 


6.9 


Tyr 


20 


3.7 


Phe 


28 


5.2 


His 


8 


1.5 


Lys 


20 


3.7 


Arg 


11 


2.0 


Trp 


11 


2.0 



Table 4. Agglutination of erythrocytes from various species by E. cristagalli 
lectin 

Origin of erythrocyte! Minimal hemagglutinating dose 



untreated trypsinised neuraminidasc- 
treated 



Mi/ml 



Human A type 
Human B type 
Human O type 
Rabbit 
Mouse 
Sheep 



10 
10 
S 

10 



0.6 
0.16 



1.2 
n.d. 
30 

4 



No agglutination at I mg lectln/ml. 
n.d. — not determined, 



lectin from Sophora japonlca, EDTA at a concentration as 
low as 0.23 mM completely: Inhibited four agglutinating doses 
of the lectin (30). From the above result*, no conclusion can 
be drawn concerning the Imf&flance of the metals for the 
biological activity of tho S&^S^Icctln. It appears, how- 
ever, that they arc tightlyvJb^fipl^hc protein. 
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pig. 4. Mitogenic stimulation of human peripheral blood lymphocytes by 
purified E. cristagalli lectin. Cells (2 x 10 5 ) were cultured for 48 h with 
0.2 ml RPMI 1640 in the presence of varying amounts of lectin. [ 3 H]- 
Thymidine was added 6 h before harvesting 



Table 5. Mitogenic activity of E. cristagalli lectin tested with human 
peripheral blood T and B lymphocytes 

Assay conditions as described in legend to Fig. 4. Results are expressed 
as the stimulation index, i.e. ratio of thymidine incorporated in the 
presence and absence of lectin 



Lymphocytes 



Stimulation index with the following concn 
Gig/ml) lectin in assay 





25 


50 


100 


250 


500 


1000 


Total peripheral blood 


13 


41 


29 


6 


2 


2 


T cells 


20 


67 


52 


10 


3 


2 


B cells 


4 


6 


9 


3 


3 


1 



The lectin agglutinates untreated human erythrocytes of 
all blood types (with a slight preference for O-type cells), as 
well as rabbit erythrocytes, at a concentration of 5 — 10 ug/ml 
(Table 4). With trypsinised cells about 20-fold lower concen- 
trations of the lectin are required to cause agglutination. 
Treatment of human erythrocytes with neuraminidase de- 
creases the minimal agglutinating concentration of the lectin 
by a factor of four. On the other hand, this enzyme has a 
very strong effect on the susceptibility to agglutination of 
sheep and mouse erythrocytes: microgram quantities of the 
lectin are sufficient to agglutinate neuraminidase-treated cells 
from both animals, while untreated and trypsinised cells are 
not agglutinated even at 1 mg lectin/ml. 

The lectin is mitogenic for untreated (Fig. 4) and de- 
sialylated (results not shown) human peripheral blood lympho- 
cytes, at an optimal concentration of about 100 ug/ml for 
both types of cell. As can be seen from Table 5, the mitogenic 
activity is directed specifically towards T lymphocytes. The 
lectin, however, does not stimulate untreated or neuramini- 
dase-treated mouse thymocytes or splenocytes. No informa- 
tion on the mitogenic activity of the E. indica lectin is available, 
but the E. corallodendrum lectin is active only with neuramini- 
dase-treated cells. 

Of the various carbohydrates tested for inhibition of 
hemagglutination by E. cristagalli lectin, glucose, 7V-acetyl- 
glucosamine, mannose, methyl cc-mannoside, xylose, L-fucose, 
L-arabinose and L-rhamnose have no effect up to a concen- 



Table 6. Inhibition by various sugars of the hemagglutinating activity of 
E- cristagalli lectin with human O erythrocytes 

Other sugars tested, i.e. glucose, Af-acetylglucosamine, mannose, methyl 
a-mannoside, xylose, L-fucose, L-arabinosc and L-rhamnose were non- 
inhibitory at concentrations of 0.1 M. The minimal inhibitory concen- 
trations is that required to inhibit completely 4 units of the lectin. The 
values given are the average of four determinations, starting with different 
concentrations of the inhibitors. The results are accurate within ± 30 % 



Inhibitor 


Minimal inhibitory 




concentration 




mM 


Af-Acetyllactosamine 


0.4 


Lactose 


2.0 


p-Nitrophenyl /7-galactoside 


2.0 


/>*Nitrophenyl cc-galactoside 


4.0 


//-Acetylgalactosamine 


6.5 


Methyl a-galactoside 


4.8 


Methyl /7-galactoside 


13.5 


Galactose 


13.5 


D-Fucose 


18.0 


Raftinose 


7.2 


Galactosamine 


20.0 




mg/ml 


Asialofetuin 


1.56 



tration of 0.1 M, whereas galactose and all saccharides con- 
taining this sugar at the non-reducing end, exhibit various 
degrees of inhibitory activity (Table 6). W-Acetyllactosamine 
[Gal-/?(l-4)GlcNAc] is most potent, completely inhibiting four 
units of the lectin at 0.4 mM concentration. Lactose and 
galactose are 5 and 35 times less active respectively. The 
inhibitory activity of ^^-acetylgalactosamine is between that 
of lactose and that of galactose. The inhibition studies thus 
show that the E. cristagalli lectin recognises the configura- 
tion at the C-4 of the galactopyranoside ring. Replacement 
of the hydroxyl group at C-2 with an acetamido group in- 
creases the inhibitory activity of the sugar; the presence of 
an amino group greatly decreases this activity. A hydroxy- 
methyl (or methyl) group at C-5 is also important, since 
L-arabinose is not an inhibitor. The fact that W-acetyl- 
lactosamine is the best inhibitor and that this disaccharide 
is five times more active than lactose, strongly suggests that 
the lectin possesses an extended binding site and that the 
2-acetamido group on the penultimate sugar is important for 
recognition by the lectin. 

Although the lectin possesses an extended binding site, 
galactosides are only slightly better inhibitors than is free 
galactose. The /?-nitrophenyl derivatives are not significantly 
different from methyl galactosides. However, while methyl 
a-galactoside is a stronger inhibitor than its fi anomer, with 
p-nitrophenyl derivatives the P anomer is more potent than 
the a anomer. Similar behaviour has been found with other 
galactose/iv"-acetylgalactosamine-specific lectins, e.g. that from 
S.japonica[3Q], Wistaria floribtmda [31], and Psophocarpus 
tetragonolobus [32]. 

Lactose perturbs the ultraviolet spectrum of the lectin in 
the aromatic region (Fig. 5). The effect is specific, since .no 
change in the spectrum is obtained upon treatment of the 
lectin with glucose. The difference spectrum obtained upon 
binding of the disaccharide shows maxima at 291 nm and 
282— 284 nm, indicating a change in the environment of 
tryptophan residues upon sugar binding [33]. 
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Fig. 5. Ultraviolet spectrum of E. cristagalli lectin (0.4 mgjml) in the 

presence of 25 mM lactose ( ) and in its absence ( ). Inset: 

difference spectrum 



A comparison of the sugar specificities of the known 
Erythrina lectins reveals many , similarities, in particular be- 
tween those of E. corallodendrum and E. cristagalli lectins. 
The lectin from E. indica differs from the two other lectins 
only in that ^-acetylgalactosamine appears to be four times 
more efficient an inhibitor than lactose. 
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The cDNA of the Erythrina corallodendron lectin {ECorL) has been expressed in Escheri ^^ 
For tWsWpose, an Ncol site was inserted into the cDNA coding for the ^P«~ 
R RoLnEt, S. & Sharon, N. (1990) FEES Lett. 264, 109-112] ^mediately before the codon 
GTG (103 — 105) which codes for the N-terminal valine of the mature lectin This ^introduced an ATG 
Son for a methionine preceding the valine. The mutated cDNA was hgated into pUC-8 .then 
sub^lonS into the expression vector P ET-3d, which carries a strong promoter 
of the phage T7. The recombinant plasmid was introduced into the E. coli lysogenic strain BL21 <DE3). 
Recombinant ECorL was expressed by growing the bacteria in the presence ^^J^ 
thioealactoovranoside. Most of the recombinant lectin was found in an insoluble aggregated form as 
^SSS^l^ a small part was in the culture medium in a soluble active £rm Functional 
recombinant lectin was recovered from the inclusion bodies by solubilization with 6Mureain 
^o^Z^noprop^ sulfonate P H 10.5, renaturation by 10-fold^ di latum m the "f 
further adjustment of the pH to 8.0. The recombinant lectin, obtained at a yield °l 4 ~ 7 ^l^^ 
had by gel filtration, a slightly lower molecular mass (56 kDa) than the native lecUn, and was devoid 
Tcovakntly linked carbohydrate; it was, however, essentially indistinguishable ^from native^CorL 
by other criteria, including its dimeric structure, Western blot analysis with anti-£CorL Polyclonal 
and ^mrnoS^al antibodiS, and Ouchterlony double-diffusion analysis with polyclonal antibodies, 
as well as hemagglutinating activity and specificity for mono- or disaccharides. 



Lectins are carbohydrate-binding proteins present in a 
variety of organisms ranging from bacteria to higher ver- 
tebrates [1, 2]. The most thoroughly studied lectins are those 
extracted from plants, especially from the seeds of the 
leguminosae [3,-4]. They serve as invaluable carbohydrate- 
specific tools in many areas of biological and medical research, 
and are also used clinically. Legume lectins comprise a large 
group of proteins that share extensive similarities in their 
primary amino acid sequences, and possess similar secondary 
and tertiary structures [4-6]. Despite these similarities, they 
display a wide range of carbohydrate specificities. The struc- 
tural basis of these specificities is most likely due to differences 
in the architecture of the variable parts of their binding.sites 

in 

Erythrina is a family of over 100 species of deciduous 
leguminous trees and shrubs found in the tropics and sub- 
tropics. Since 1980, lectins from over 20 species of this family 
have been isolated in different laboratories, ten of these by us 
(3, 8]. All Erythrina lectins are composed of two identical, 
or nearly identical, subunits with molecular masses close to 
30 kDa. They are glycoproteins containing 3-9% carbo- 
hydrate and are specific for galactose and W-acetylgalactos- 
amine, with a preference for iV-acetyllactosamine which binds 
^30jirnes ^tei than galactose [8-10]. Recently, the 
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Abbreviations. Caps, 3^cyclohexylamino)-l-propanesulfonic 
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£ CorL; IPTG, isopropyl 0-D-thiogalactopyranoside ; PCR, poly- 
merase chain reaction. 



three-dimensional structure of the complex of Erythrina cor- 
allodendron lectin {ECorL) with lactose has been solved at 0.2- 
nm resolution [7]. 

We had previously cloned and sequenced a 1017-bp cUJNA 
fragment containing the entire coding region of ECorL [11]. 
This fragment encodes a polypeptide of 281 ammo acids, 
consisting of a leader sequence of 26 amino acids and a mature 
lectin of 255 amino acids. We now report the expression and 
recovery of functional recombinant ECorL {xECorL) m 
Escherichia colu This was accomplished by introducing the 
region coding for the mature ECorL into an expression vector 
based on the T7 promoter. The availability of this expression 
system will enable us to perform structure/function relation- 
ship studies of the lectin's binding site by site-directed mu- 
tagenesis, and also to attempt to modify the specificity of the 
lectin. 



MATERIALS AND METHODS 
Materials 

Restriction enzymes and DNA-modifying enzymes were 
obtained from New England Biolabs and United States Bio- 
chemical Corporation (Cleveland, OH). DNA sequencing re- 
agents were also obtained from US Biochemical and Taq DNA 
polymerase was obtained from New England Biolabs. BamHl 
linkers were from Pharmacia; oligonucleotides were from the 
Chemical Services of the Weizmann Institute of Science ; pET- 
3d was from Novagen (Madison, WI). Native ECorL was 
isolated by affinity chromatography on inunobilized galactose 



[8, 12] and further purified by affinity chromatography on 
immobilized concanavalin A as described for Erythrina 
cristagalli lectin [12]. All other chemicals were from commer- 
cial sources, of the highest purity available. 

Plasmids and fragments 

Plasmid DNAs were prepared by the alkali/SDS-lysis pro- 
cedure and purified with Qiagen-tip20 columns (Diagen 
GmbH, Dusseldorf) according to the manufacturer's proto- 
cols. DNA fragments were purified by extraction from a low- 
melting agarose gel using standard procedures [13]. Plasmid 
DNAs were introduced into various strains of E. coli by cal- 
cium-mediated transformation [13]. 

DNA manipulations for construction of expression vectors 

Digestions with restriction enzymes were performed using 
buffers and conditions supplied by the manufacturers. When 
complete digestion was necessary, the reaction mixtures were 
left overnight. Ligations were done in a reaction mixture con- 
taining ligation buffer (50 mM Tris/HCl pH 7.6 10 mM 
MgCl 2 and 1 mM ATP), 5 units T4 DNA ligase and the DNAs 
to be ligated at appropriate concentrations [13]; incubation 
was overnight at 15°C. DNA sequencing was carried out by 
the dideoxy-chain-termination method [14], using Sequenase 
version 2.0 kit according to the protocol provided by US 
Biochemical Corp. 

Polymerase chain reaction 

The amplification of the ECorL mutated fragment was 
performed in a 100-uI reaction volume containing polymerase 
chain reaction (PCR) buffer (10 mM Tris/HCl pH 8.3, 50 mM 
KC1, 1.5 mM MgCl 2) 0.01% gelatin), dNTPs (20 uM each), 
50 pmol 3' and 5' primers, 200 ng plEcl-C (a plasmid contain- 
ing the ECorL cDNA) [1 1], 2.5 units Thermus aquations DNA 
polymerase and two drops of mineral oil. the samples were 
placed m a thermal controller (MJ Research) programmed for 
a temperature cycle of 95 °C (1 min), 37 °C (2 min) and 72 °C 
(2 mm). This cycle was repeated 30 times with a 7-min exten- 
sion at 72 °C following the last cycle. The final reaction prod- 
ucts were resolved in a 1 % agarose gel. The amplified fragment 
was prepared for subcloning by a fill-in reaction with T4 DNA 
polymerase. 

Expression of ECorL 

E. coli BL21(DE3), a lysogen containing a single gene of 
the T7 RNA polymerase under the control of the inducible 
Iacuv5 promotor, was used for expression of ECorL [15] The 
bacteria with pET-ECorL or control pET-3d were grown at 
37 °C, with shaking, in 10 ml NZYM medium (10 g type A 
hydrolysate of casein, 5 g NaCl, 5 g yeast extract and 2 g 
MgSO* • 7 H z O) [13] containing 0.4% glucose and 100 ug/ml 
ampicilhn until mid-log phase (A 600 of 0.6), then induced by 
the addition of isopropyl /?-D-thiogalactopyranoside (IPTG) 
to 0.4 mM and incubation was continued at 25 °C or 37 °C 
Aliquots (1 ml) of bacterial culture were taken after predeter- 
mined periods of induction (up to 24 h). The cells were col- 
lected by centrifugation and suspended in 80 ul double dis- 
tilled water and 20 ul SDS/PAGE sample buffer (0 31 M Tris 
pH 6.8, 10% SDS, 50% glycerol and 0.005% bromophenol 
blue). Detection of ECorL in these bacterial lysates after SDS/ 
PAGE was done by staining with Coomassie brilliant blue R- 



250 or by Western blot analysis using a rabbit 1 
antiserum or a murine monoclonal antibodv (n ^ li ' Ec 
against native ECorL. The blots were visua h/h } R 
anti-rabbit or anti-mouse antibodies coupled to all! r lth - 
phatase, followed by incubation with nitro blue t p ' 
(0.3 mg/ml) and bromochloroindolyl phosnhatP rn m c* 20 " 
in ^yV-dimethylformamide [16]. To obtain la rZl ^ 
v ECorL, the E. coli BL21(DE3) cells containiS nF T? S 
were grown as for small-scale expression except th JfF^ 
dium was used and, after addition of IPTG to a H i 1 
tration of 0.4 mM, the temperature was shifted t Ss? 
the culture was further incubated overnight at rh* 1 
perature. e sam e I 

Preparation of inclusion bodies i 

-3 

Cells from an overnight 1-1 culture were collect ii 
centrifugation, suspended in 100 ml 0.15 M Nan «T 3 
Tris/HCl pH8 (NaCl/Tris buffer), contain^ 0 3 mSl 
lysozyme, and left overnight at -20°C. Lysis ofthe baSl 
cells was done by thawing, adding 0.5 ml 1 M MgC |3 
DNase 1 to a final concentration of 7 ug/ml and soiiiiSi 
for 5 min with a Branson B-12 sonicator. The insoluble ml 
tenal was then collected by centrifugation at 8000 in! 
Sorvali RC-5B centrifuge, and washed twice in 1 I NaCirrJ 
buffer with 1 % Triton X-l 00 in order to solubilize and remol 
membranes and membrane-bound proteins The washing 
were done by stirring the insoluble material with a magnetic? 
stirrer for 1 h at room temperature followed by centrifugation" 
as above. The insoluble material obtained after the last wash? 
ing was kept at -20°C until used for solubilization. i 

Solubilization and refolding -j 

r ECorL inclusion bodies were solubilized with 10 ml 6 M 
urea in 10 mM 3-(cyclohexylamino)-l-propanesuIfonate 
(Caps) pH 10.5. The volume of the buffer-containing urea was 
increased until the absorbance of the solution at 280 nm was 
below 0.5. Refolding was done by slowly diluting the urea 
solution tenfold with 10 mM Caps pH 10.5, followed by ad- 
dition of 0.01 vol. 1 M Tris pH 8, and further adjustment of 
the pH to 7.5 using concentrated HC1. The resulting solution 
was then concentrated by ultrafiltration to about 50 ml using 
a Millipore (Bedford, MA) Minitan acrylic ultrafiltration sys- 
tem and was dialyzed extensively against 10 mM Tris/HCl 
pH 7.5, containing 1 mM CaCl 2 and 1 mM MnCI 2 . A precipi- 
tate ofthe non-refolded lectin, which was always formed dur- 
ing this procedure, was removed by centrifugation (8000 xg, 
15 min in the cold) before storage of the lectin solution at 
— 20 °C Prior to any characterization test, the lectin solution 
was further concentrated (using an Amicon ultrafiltration 
stirred cell with a PM-10 membrane) to approximately 1 mg/ 
ml, estimated by absorbance at 280 nm on the assumption 
that a solution containing 1 nig/ml of ECorL has the same 
absorbance as E. cristagalli lectin, namely 1.53 [9]. 

SDS/PAGE and detection of proteins in gels 

Denaturing PAGE was performed according to Laemmli 
[17] using 12% separation gels and 2.5% stacking gelsi 



Analytical molecular sieve chromatography 

The molecular masses of the native and recombinant 
ECorL were determined by gel filtration using a SephadexG- 



£ (\ 5 x 90 cm) equilibrated with 10 mM Tris/HCl 
1JH5 M NaCl; elution was with the same buffer. The 
npj;- calibrated with the following proteins of known 
mass: bovine serum albumin (67 kDa), ovalbumin 
bovine chymotrypsinogen (25McDa) and bovine 
|SpiaseA(13-7kDa). 



S^iffusion was done according to Ouchterlony [18] ex- 
I 1% Triton X-100 was added to 1% agarose in 

J^te-buffered saline [15 mM, pH 7.2). 

I jjgniagglutinating activity 

the hemagglutina ting activity of the lectin was assayed by 
I *e serial dilution method in microtiter plates [19] except that 
«ul lectin solution and 25 ul 4% suspension of human-type 
OtfSrocytes were used. A unit of activity is defined as the 
^concentration of lectin giving visible agglutination. The 
inhibitory activity of sugars was measured by mixing serial 
dflutibns of the sugar with 4 hemagglutinating units of the 
lectin before the addition of erythrocytes and determining the 
| concentration giving full inhibition of agglutination. 

N-Terminal sequence determination 

Native and recombinant ECorL (50 ug) were run on a 
12% SDS gel, and electrophoretically transferred to a poly- 
vinylidene difluoride membrane. The membrane was stained 
| with 0.1% Coomassie brilliant blue R250, bands correspond- 
ing^to the lectin were cut out from the membrane [20] and 
sequenced on a gas-phase Applied Biosystem automatic se- 
quencer, model 470A. 

Carbohydrate determination 

Total neutral carbohydrate content was determined by the 
phenol/H 2 S0 4 method [21] using mannose as reference sugar. 

RESULTS 

Construction of the expression vector pET-ECorL 

For expression of ECorL in E. coli, the vector pET-3d was 
"sed [15, 22]. This plasmid is a derivative of pBR322 with a 
strong promoter, an efficient ribosome binding site and a 
translation initiation region all derived from gene 10 of phage 
T7 (which codes for a major capsid protein of the phage). The 
initiation ATG codon of gene 10 is located in a unique Ncol 
ate and a unique BamHI site is located upstream of gene 10 
transcription termination region [15]. In order to introduce 
the cDNA coding sequence of the complete mature ECorL 
[U], an Ncol site was created immediately before codon GTG 
a t Position 103-105 which, in this sequence, codes for Val27, 
tne first amino acid of the mature lectin [23]. This Ncol site 
a| so introduces an ATG preceding Val27 and will code for N- 
knninal methionine in the recombinant lectin. 

Fig. 1 shows the creation of the Ncol site using PCR with 
* y end primer (CAAAGTTAACCATGGTGA) at positions 
-107 containing the necessary mutations (bold letters) and 
^ther primer (ACCATTGTTGCAGGTGT) at positions 
^ 16 -932 of the 3' end of the ECorL cDNA; plEcl-C [11] was 
ne target DNA of the PCR reaction. A fragment of 800 bp 
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Fig. 1. Creation of Ncol site on ECorL cDNA with PCR. 
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Fig. 2. Construction of pVC-ECorL. 



was obtained and subsequently subcloned in a blunt-end 
fashion into a pUC-8 vector previously digested wtih Hind: 
In order to reconstruct the entire coding sequence of t 
lectin, an internal SphI site, located at position 224 of t 
nucleotide sequence, was used as shown in Fig. 2. The pU 
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Fig. 3. Construction of pET-ZTOvL. 



LTSr r i g ^ PCR f ? gment was di * ested ™ th 

a™ ' generatm S two fragments, the first containing 
the vector sequences plus 124 bp of the 5' end ofisCorLcDNA 
which contams the ^ mutation and the other £ show 

mo^of the * AI T.^ dI11 fra^ent of 641 bp containing 
most of the 3 coding sequence of the lectin. plEcl-C was 

rte vTt I ^ se< l uence of *CorL at the 3' end of 

the S/>M Slte (nucleotides 225 - 868) and a 3' nontranslated 

° m n f. PUC-8-PCR vector and the 3' end fragment from 
the plEcl-C vector were ligated, creating a pUC%8 plasmk? 

t^^JL PUC ' ECOrL ' Which ^ en^SSTng 
• f m f- tUre * CorL ^ mutation before 
nati^TT H C °f * emature Sequence deiS 

Smed ?h, V n ? ° f ^ con " struct ' U P to the Sphl site, 
confirmed the Ncol mutation and ensured that no other 

undesired mutations had been produced 

clon^iSi ° DNA containin S me «te was then sub- 
cloned mto the expression vector pET-3d as shown in Fig. 3. 

£ «i^3} ^ ted 7 tK BamH1 3nd £coRV > relea ^g 
me entire ECorL coding fragment and the non-coding se- 

eZr^TFI ^ WCre UgatCd to ^ blum °?ded 
EcoRV ea d of the fragment. This linked fragment was then 

fo^pET^T 1 ^ and ^ P roS ™ 

AM aJd bH% , Piously opened by digestion with 

Sas p^c;i° 8Cnerate 3 recombin -t plasmid desig- 

Expression of £*7<vL in E. coU 

of J^c^ f SDS / PAGE ana ^ of Iysates 

oi is. co/i BL21(DE3), containing pET-^CorL,. before and 




Fig. 4. SDS/PAGE of BL21 carrying dET fc* r „ 

LaemmJi procedure [171 with 12% eels P™£;1 pertormed *>y 
Coomassie brilliant LI l^ f^c^^^S 
2 cells containing pET-ECorL before the addition of 
6 cells containmg pET-ECorL induced with IPTG >om' 2 ? 
18 h, respectively; lane 7, ECorL. 1 2 ' 3 



1 2 3 



.#3 



rwf* ^ era r b,ot a " a Iysis of co/i BL21 cells carrying pET-£C«rL 

Crude Iysates : from , bacteria carrying pET-ECorL were size fraction- 
ated on a 12% SDS/PAGE and transferred to a nitrocellulose mem- 
brane. Blots were probed with polyclonal rabbit anti-£0>rL anti- 
serum or WI th a mouse monoclonal antibody raised against the lectin. 
Lane 1 BL21 cells with pET-3d alone probed with polyclonal anti- 
serum; lanes 2 and 3, cells containing pET-ECorL induced with 1PTG 
t-1 f l ' probed with Polyclonal antiserum and a monoclonal 
antibody, respectively; lane 4, native ECorL probed with polyclonal 
antiserum. 



after induction with iPTG at 37"C For comparison, analysis 
oi a lysate of the parent strain containing pET-3d is also 
included. A band that migrates slightly faster than the native 
lectin is visible in the Iysates after 1 h of induction. Western 
blot analysis of the cell Iysates revealed that this protein band 
reacts with rabbit anti-^CorL antiserum as well as with a 
murine monoclonal antibody raised against the native lecun 
(Mg. 5). The amount of r ECorL increased (up to I50mg 
protem/l culture) when the temperature durinu the induction 
was lowered from 37 C to 25 X (Pig 6) 
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well as with a 
he native lecup 
(up to 150 ms 
g the induction 




. . rinnofrECorL from E.coli. Protein samples were analyzed 
| rfr^ U ?°°°? on 12 % SDS/PAGE and stained with Coomassie 

ovaSumin 43 kDa, carbonic anhydrase 30 kDa trypsin 
—f? ™ 1 kDa a-lactalbumin 14.4 kDa. Lanes 2 and 3, bacterial 
^f?L 2 Ss induced with IPTG overnight at 25°C and 37°C, 
5SS"tane4, recombinant £CorL purified from inclusion 
jXs; lane 5, native ECofL. 

Purification and refolding of recombinant ECorL 

A small amount of soluble lECorL was found in the culture 
medium and isolated by irnmunoaffinity chromatography on 
Tu&ECorL column. However, the yield wasso low (less 
than 0.1 mg/1) that it was not studied in detail. The insoluble 
fraction of the cell lysate contained most of the xECorL in the 
form of inclusion bodies and was recovered by centnfugation 
Contaminating membrane-bound proteins, fragmented cell 
walls and membranes were removed by several washings in a 
buffer containing Triton X-100 and lysozyme. This procedure 
yielded a pellet of protein aggregates, which, upon analysis by 
SDS/PAGE, proved to contain almost exclusively the re- 
combinant lectin (data not shown). Soluble, active protein 
was recovered by dissolving the inclusion bodies in a large 
volume of 6 M urea, and removal of the denaturant under 
alkaline conditions (pH 10.5) as described under Methods. 
After the refolding step, the protein preparation was analyzed 
by SDS/PAGE and proved to contain only the recombinant 
lectin (Fig. 6). Typically, 4 - 7 mg active t ECorL from 1 1 cul- 
ture was obtained, which represented a yield of approximately 
3-4% of the total xECorL present in inclusion bodies. 

Characterization of r ECorL 

SDS/PAGE 

As shown in Fig. 6, lECorL has an apparent subunit mo- 
lecular mass of close to 28 kDa on SDS/PAGE, slightly lower 
than the native protein. This is consistent with the absence in 
the rECorh of the carbohydrate moiety present in ECorL (one 
heptasaccharide, molecular mass 1171 Da/subunit [7, 24]). In- 
deed, analysis for neutral sugar confirmed that the re- 
combinant lectin cqntains less than 0.7% carbohydrate, com- 
pared to about 6% in native ECorL. 

Molecular mass determination 

The molecular mass of the recombinant protein, as esti- 
mated by gel filtration, was around 56 kDa, compared to 
w kDa of the native protein, showing that both proteins form 
dimers in solution. The slightly lower molecular mass of the 




F.g.7. Ouchterlony doublenliffusion analysis o Mwt ™ d »»«" ve 
ECorL with anti-£CorL polyclonal antibodies. Wells : r, t ECorL, 10 ug, 
n ECorL 10 ug; center, 10 ul undiluted rabbit anti-iTCorL antiserum. 

recombinant protein can be accounted for by the absence of 
covalently bound carbohydrate. 

Immunological assays 

Blots of the purified recombinant lectin reacted with the 
rabbit anti-ECorL antibodies as well as with six monoclonal 
antibodies prepared against the native ECorL (data not 
shown). In addition, on Ouchterlony gel mimunodiffusion 
analysis using polyclonal antibodies to the native ECorL, the 
recombinant and the native lectin developed lines of identity 
with each other (Fig. 7). 

N-terminal sequence 

IrxTECorL 70% of the lectin molecules have the N-terminal 
sequence Met-Val-Glu-Thr-Ile, whereas 30% have Val-Glu- 
Thr-Ile-Ser, which is the same as the N-terminal pentapeptide 
of the native lectin [23]. 

Hemagglutination assays 

The minimal nonagglutinating concentration of jfCorL 
was the same as that of the native protein (3 ug/ml and 3.3 ug/ 
ml, respectively). The results of inhibition of hemaggluunation 
are" given in Fig. 8, The hemagglutinating activity of both 
lectins was 2-4 times more sensitive to inhibition by N- 
acetylgalactosamine than by galactose. Methyl 0-"^*™$: 
galactosaminide was a powerful inhibitor, being ,256 and 512 
times stronger than galactose for ECorL and rECorL, respec- 
tively The two lectins were equally sensitive to N- 
acetyUactosamine (16 times more than to galactose) and no 
inhibition was observed by 250 mM glucose or mannose. 



DISCUSSION 

In this paper, we describe the construction of an expression 
vector containing the entire coding sequence of the mature 
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SUGAR 

Galactose 
GalNAc 



Mannose 
Glucose 



MIC 

!2.5mM 
3. 1 2 mM 
3. 1 2 mli 
N.I. at 250 mM 
N.I. at 250 mM 



rECorL (4HU) 



MeBGalNDns 0.048 mM 
LacNAc 0.78 mM 




Galactose 
GalNAc 



Mannose 
Glucose. 



25 mM 
6.25 mM 
6.25 mM 
N.I. at 250 mM 
N.I. at 250 mM 



ECorL (4HU) 




MeBGalNDns 0.048 mM 
LacNAc 1.56 mM 

Fig. 8. Effect of different sugars on agglutination of human emhrc^vtes 
by nat.ve and recombinant ECorL. Each well contains 4nS? 

hE^V™* ° f ****** P1US M douWe dilutions Tfhe 
£th£f ™ ed 3nd minimal concentration at which it 

.s mh«b.tory (MIC) are indicated on the left. MeBGalNDns, metty 



ECorL its expression in E. coli, and the isolation and char- 
acterization of a functionally active recombinant lecto 

^te fr^rn S ?nl qUa u titieS ° f J hel<xtia were found in soluble 
TnSonT % th * ^lure me dlum5 the bulk was in the form of 
3£^h£? 1C f . from . w * ucb active P r <>tein could be recovered 
df ,W a 12atl ? D Wlth , Urea and refo,din g in al ^Une con- 
teSeLiTZ T n ° f recombinant Proteins as insoluble 
aggregates in E. colt is a common phenomenon [251. To obtain 

"^P^^.^^^^y "States tte 
use of strong denaturing agents, such as urea or guanidinium 
hydrochloride, followed by refolding of the protein 
native conformation [25]. This last step req uiS °£m ewhal 

^T^fT™' Which are uni< l ue to each Protein and 
nH of fh^l ^ ^ ^P^y- 1° our case, the alkaline 
pH of the buffer used for diluting out the urea, and a concen- 
tration of protein of less than 0.35 mg/ml (a' < 0 5) before 

ntCbufT Crit i Ca, ,5 0r thC -°-ry%f activr P ro te 2; wS 
neutral buffers or higher protein concentrations were usW all 
the recombinant protein precipitated immediately 

E le fT e p leCtinS ^ aVC ^ successfu "y jessed in 

co " [ ? 6 r 28 I Recombinant pea lectin was found to be 
expressed m the form of inclusion bodies, which were 
solubilized with guanidinium hydrochloride but, in contost 
to our case the refolding step did not require the use of 

ttl C °? d,t,ons and ^eW of active pTotein.was higher 
than ours (between 1 0 - 20%) [26] ^ 

The recombinant £ CorL is very similar in its properties to 
J^P*" a* shown by a number of criteria: gel? 
filtration chromatography showed that the recombinant lectin 
exists in solution as a dimer; Ouchterlony double-dSon 
analyse wtth polyclonal antibodies and Western bloTZfy™ 

a? i^»tr D °? ona l antib o di es showed that both lectins 
are immunologically indistinguishable. There are, however 

mo^-r ECnT rCC r biDant £CorL and na «ve 
protem . ri-CWL is not glycosylated and, as a result, its molec- 



"i a 0 r , mass 15 sli g ht, y 'ower than that of the nativ„ . 
70% of rECorL molecules contain an addS , * Un -4 
at the N-terminal. Our results indicate that 
do not affect the hemagglutinating activity of th dlfifete t 
its carbohydrate specificity. Indeed, both the 
recombinant lectins are inhibited by the Z m 6 and 
carbohydrates without any significant mZ** 1 ** 
qualitatively or quantitatively. Taking into coS*'- * 
low accuracy of the hemagglutination assay o ur ^ tl0a 
good agreement with the relative inhibitory 2- "* 
for ECorL [8, 10, 29] and in the ^££F£" 
Ery hrma lect.ns [3, 8]. This point is of crSciaSo^ 
further structure/function relationship studies on ^ 
carbohydrate binding site. The finding that the carK^ 
moiety of ECorL has no effect on its binding Toron^ ^ 
ports other reports showing that cSS£S?£ B 
comb.nant lectins are as active as the native cni m^ 
the activ.ty of glycoprotein lectins is indepenten of * 
covalently bound carbohydrate was proposed b v n . * 
years ago [30]. proposed by us some 

We now have a system that allows us to alter indivin 
ammo acids in the binding site of ECorL and i« 1 
to study their effect on the' sugar speSficVof 
According to currently proposed models, based on X-ralm 
tallography of complexes of sugars with ECorl »n7^ 
lectms [ 7 , 31-34], the l^Ll£%2&k,%« 

,nnS eSe P , r ° temS ^ attaiDed b * the CO^g Of aSS 

topological parameters, such as the outline of the /turas a 
shape of the variable residues lining the binding pocket, 
a conserved constellation of residues (Asp89, GIyl07 PheT 

!S ? S H 3 \ ln / COrL) inVO,VCd dire^ly in Mrogen bo 
and hydrophobic interactions with the bound sugar. Ate 
ation of selected amino acid residues and sequences witU 
mut^Z hydra ^ blnd i n g Pocket of rECorL, by site-directe 
rnutagenes,s, will provide us with valuable information for 
better understanding of the carbohydrate specificity oflegum 
lectins, and hopefully of lectins from other sources as well.. 
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